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CHAPTER 1 INTRODUCTION 
1.1 General Review 
Collapse of buildings or bridges is one of the worst scenarios to which built-infrastructure 
may be subjected during their lifetime. In recent years, due to external environmental conditions 
(temperature and humidity).  Often times these effects are not immediately evident and develop 
years later – making determination of responsibility difficult and repair expensive. 
Bridges play a vital role in the transportation networks all over the world. Spanning up to 
several thousand feet in length and towering up to several hundred feet high, these manmade 
engineering marvels allow safe, convenient passage for people and their cargo. 
 Buildings and bridges may become deteriorated with time due to external environmental 
conditions (temperature and humidity). These two environmental conditions can have serious 
effects on hardened concrete – often times these detrimental effects are not immediately evident. 
Temperature gradients that are produced on a bridge structure during service depend 
mainly on geometry, location, orientation, bridge properties and environmental conditions. 
Imprecise thermal analysis of bridges has led to severe cracking and failure of structures 
[1, 2]. 
 The simultaneous measurement of the ambient temperature and of the temperature of the 
concrete of the bridge itself gives useful information to take thermal effects into account [3]. 
Collapse of bridges has become a concern in the U.S. and the world. Collapse of bridges 
can lead to significant economic and public losses. In the light of this fact, it becomes necessary 
to find new methods for the protection of the deteriorated bridges from collapsing. 
There are about 600,000 bridges in the U.S. transportation system, of which about 43,000 
are older than 50 years and unsuitable to meet current or projected traffic demands [4].  
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Deteriorated structures should be repaired to ensure proper functioning and to extend 
their service life. Structures without damage may also need to be strengthened because of design 
or construction errors, or to accommodate changes in use or increased loads. As a result, various 
strengthening techniques have been developed. Traditional strengthening and retrofitting 
techniques that use steel and cementitious materials do not always provide the most appropriate 
solutions [5]. The bonding of thin fiber-reinforced plastics (FRP) composites on the surface of 
concrete members has emerged as an effective method to increase both the strength and stiffness 
of concrete members [6, 7]. 
For years, civil engineers have been in search for alternatives to steel and alloys to 
combat the high costs of repair and maintenance of structures damaged by corrosion and heavy 
use. Since the 1940s, composite materials, formed by the combination of two or more distinct 
materials in a microscopic scale, have gained increasing popularity in the engineering field. Fiber 
reinforced polymer (FRP) has proven efficient and economical for the development and repair of 
new and deteriorating structures in civil engineering [5]. New construction includes all 
composite bridge decks or FRP bars. The mechanical properties of advanced composites (high 
strength, light weight) make them ideal for widespread applications in construction worldwide. 
There is a pressing need for this type of technology to be used in infrastructures [8], since 
many infrastructures have been deteriorating due to aging, overuse, or negligence. However, 
there are several outstanding problems with FRP materials, including premature debonding 
failure between concrete and the FRP, and the effect of environmental conditions on the 
durability performance of FRP strengthening materials [9].  
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In the past few years, in addition to strengthening structures with FRP materials, all FRP 
composite bridge deck systems have been experimentally implemented in bridge structures [10]. 
World wide, there are many finished or currently underway FRP deck projects [10]. 
FRP composite bridge decks have received attention in the past few years, due to the 
unique combinations of high specific strength and stiffness, ease of construction, corrosion 
resistance and reduced maintenance as compared to traditional steel reinforced concrete (RC) 
decks. Reducing the weight of replacement decks in rehabilitation projects presents the 
opportunity for rapid replacement and reduction in dead load, thus raising the live load rating of 
the bridge. In addition, if appropriately designed and fabricated, FRP composite materials can 
provide longer life times and lower maintenance than equivalent structures fabricated from 
conventional materials [11]. 
A good bond to the concrete is essential to the successful application of this new 
technique. Bond of the external FRP reinforcement to the concrete substrate is of critical 
importance for the effectiveness of the technique, since it is the means for the transfer of stresses 
between concrete and FRP in order to develop composite action [12]. 
Bond between concrete and FRP reinforcing bars also is the key to understanding the 
composite action of FRP reinforced concrete and ought to be adequately understood before FRP 
materials can be accepted widely in the construction industry. To secure composite action, 
sufficient bond must be mobilized between reinforcement and concrete for successful transfer of 
forces from one to the other. Particular areas of attention include splices and end anchorage 
regions. Since hook anchorages (by bending of the bar) are not always possible with FRP bars 
[13]. 
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The bond behavior of FRP bars to concrete is expected to vary from that of conventional 
steel bars, since various key parameters that influence bond performance are different. Such 
parameters include [13]: 
- The modulus of elasticity of the material is lower than that of steel, both in the lateral and 
the longitudinal directions. 
- The shear stiffness of FRP is also much lower than that of steel. 
- The resin matrix has lower shear strength than steel, a factor that is expected to limit the 
strength of the surface deformations of the bar. 
- The FRP coefficient of thermal expansion is different from that of steel or concrete. 
The large number of possible combinations of fibres, resins and shapes of reinforcement 
may create difficulties in the development of general and consistent codes for the bond 
performance of FRP materials. For infrastructure applications, most studies involve FRP 
materials made of E-glass, carbon and aramid fibres and epoxy, polyester and vinyl ester resins 
[13]. 
Debonding is a major problem in structures retrofitted with FRP thin plates. Debonding 
implies complete loss of composite action between concrete and FRP. This prevents full 
utilization of the FRP-concrete system and may lead to failure before the design load is reached. 
Debonding due to a stress concentration may initiate either at the plate end or around cracks [14]. 
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Therefore, this study will focus on the behaviour of concrete beams and columns 
retrofitted with FRP under different temperature, using finite element modelling. One main focus 
is the debonding issues that limit the composite system from achieving the desired load capacity. 
1.2 Key Materials in Construction  
1.2.1 Concrete  
 Concrete’s thermal properties are much more complex than those of most materials 
because not only is the concrete a composite material whose constituents have different 
properties, but its properties also depend on moisture content and porosity of the concrete. 
Exposure of concrete to elevated temperature affects its mechanical and physical properties. 
Concrete elements could distort and displace, and, under certain conditions, the concrete surfaces 
could spall due to the buildup of steam pressure [15]. Because thermally induced dimensional 
changes, loss of structural integrity, and release of moisture and gases resulting from the 
migration of free water could adversely affect safety, a complete understanding of the behavior 
of concrete under long-term elevated-temperature exposure as well as both during and after a 
thermal excursion resulting from a postulated design-basis accident condition is essential for 
reliable design evaluations and assessments [15].  
 Prestressed concrete structures using high-strength materials (steel) to improve 
serviceability and durability are an attractive alternative for long-span bridges, and have been 
used worldwide since the 1950s [10]. Bridges built with high performance concrete (HPC) can 
have a service life of 100 years [10]. 
 Concrete bridge decks can also deteriorate as a result of concrete distress from freeze-
thaw damage, abrasion damage, alkali-aggregate reactivity, excessive cracking, or spalling 
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caused by corrosion of the reinforcement. Concerns about deterioration of concrete bridge decks 
from corrosion of reinforcement increased in the 1960s and 1970s [16]. 
  NCHRP (National Cooperative Highway Research Program) Synthesis of Highway 
Practice 4 reported that concrete mix temperatures of 27°C to 32°C (80°F to 90°F) were believed 
to play a detrimental role in crack development, high water requirement, and strength loss (1970) 
[16]. They recommended that concrete temperature at time of casting be 5°C (10°F) cooler than 
ambient, except when temperatures are below 16°C (60°F), when the concrete temperature 
should be the same as ambient [16].  
 Strengthening of concrete with externally applied fiber reinforced composites is an 
accepted option for seismic retrofit, repair and rehabilitation of existing structures [16]. Bridge 
and building components externally strengthened include columns, beams, slabs, walls, 
chimneys, tunnels, and silos. External reinforcing systems have been designed to increase 
flexural capacity or shear capacity [17]. 
1.2.2 Fibers 
Fiber-reinforced polymer (FRP) composite materials have developed into economically 
and structurally viable construction materials for buildings and bridges over the last 20 years. 
FRP composite materials used in structural engineering typically consist of glass, carbon, or 
aramid fibers encased in a matrix of epoxy, polyester, vinyl ester, or phenolic thermosetting 
resins that have fiber concentrations greater than 30% by volume [18]. 
 Two most widely used reinforcements in FRP are carbon fiber and glass fiber. Carbon 
fiber reinforced polymer (CFRP) composites are much stiffer than glass fiber reinforced polymer 
(GFRP) composites, but CFRP composites are also more expensive. The material properties as 
well as the cost must be taken into consideration for use of FRP in construction [19]. 
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1.2.3 Composites 
FRP composites have been used on a limited basis in structural engineering for almost 50 
years for both new construction and for repair and rehabilitation of existing structures [18]. 
FRPs do not suffer from corrosion as do steel plates, allowing the possibility of extended 
service lives or perhaps limiting required maintenance. Their high strength and stiffness to 
weight ratios mean that a smaller weight of FRP needs to be applied as compared to steel plates 
bonding. This low weight reduces transportation costs, significantly eases installation, even in 
tight spaces, and can eliminate the need for scaffolding; the low weight also means that FRPs 
add only a small amount to the structure’s dead load. This allows more of the strengthening to be 
useful to the structure and also makes FRPs a repair option when significant additional weight 
could cause failure [5, 20, 21, 22]. 
The way that FRPs are manufactured also provides useful properties. By designing the 
placement of the reinforcing fibers, properties such as strength and modulus can be controlled in 
different directions. This allows the strengthening to act only in the needed direction, preventing 
it from changing the structural behavior in unintended ways. Because they are made from 
continuous small-diameter fibers, FRPs are very easy to handle. They can be made to wrap 
around curves and to accept small irregularities present in concrete surfaces. Furthermore, they 
can be manufactured in long lengths, eliminating the need for splices, and can be cut to length on 
site, eliminating sizing errors in the manufacturing stage [20]. 
 A composite is a product made with a minimum of two materials in which one of the 
materials called the reinforcing phase, is in the form of fibers, sheets, or particles, and is 
embedded in the other materials called the matrix phase (Figure (1.1)). The reinforcing material 
and the matrix material can be metal, ceramic, or polymer. Typically, reinforcing materials are 
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strong with low densities while the matrix is usually a ductile, or tough, material. If the 
composite is designed and fabricated correctly, it combines the strength of the reinforcement 
with the toughness of the matrix to achieve a combination of desirable properties not available in 
any single conventional material [5]. 
 
                   MATRIX                           REINFORCEMENT                          COMPOSITE 
 
 
                MATRIX                            REINFORCEMENT                ADVANCED COMPOSITE 
 
Figure (1.1): Composite materials [5]  
Advanced composite materials (ACMs) are also known as advanced polymer matrix 
composites. These are generally characterized or determined by unusually high strength fibres 
with unusually high stiffness, or modulus of elasticity characteristics, compared to other 
materials, while bound together by weaker matrices. These are termed advanced composite 
materials (ACM) in comparison to the composite materials commonly in use such as reinforced 
concrete, or even concrete itself. The high strength fibers are also low density while occupying a 
large fraction of the volume [23]. 
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Advanced composites exhibit desirable physical and chemical properties that include 
light weight coupled with high stiffness (elasticity), and strength along the direction of the 
reinforcing fiber, dimensional stability, temperature and chemical resistance, flex performance, 
and relatively easy processing. Advanced composites are replacing metal components in many 
uses, particularly in the aerospace industry [23]. 
Composites are classified according to their matrix phase. These classifications are 
polymer matrix composites (PMCs), ceramic matrix composites (CMCs), and metal matrix 
composites (MMCs). Also, materials within these categories are often called "advanced" if they 
combine the properties of high (axial, longitudinal) strength values and high (axial, longitudinal) 
stiffness values, with low weight, corrosion resistance, and in some cases special electrical 
properties [23]. 
  The unique properties of FRPs result in many advantage, including: handling and 
transportations, durability and maintenance, thin strip layers, time of construction, pre-stressing 
possibilities, and cost [5].  
Handling and transportations: The composite materials used for strengthening are very light and 
easy to handle. In addition, no need for overlap plating is necessary. Also compared to traditional 
concrete overlays or shotcrete, much less material has to be transported to the job sites when 
FRPs strengthening are used [5]. 
Durability and maintenance: Carbon fiber composite have especially good durability, long term 
fatigue properties, and they do not require maintenance over time. 
Thin strip layers: FRPs are typically applied in thin strips, resulting in very little change in the 
structure profile, an important feature on bridges or other structures that require clearance for 
vehicles or machinery [18, 20]. 
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Time of construction: Time is always a critical factor in the construction industry. If construction 
time can be reduced, money can be saved. FRP strengthening can often be done during short 
periods without closing the traffic or evacuate the buildings and the hardening of the bonding 
agents takes a short time (usually a few hours) [5]. 
Pre-stressing possibilities: During the last few years, products have been introduced to the 
market that FRP sheets can be pre-stressed in combination with bonding. This gives high 
utilization of the strengthening product, at the same time reducing existing cracks, and increasing 
the yield load of existing steel reinforcement [5]. 
Cost: The total cost of a strengthening work with composites compared to traditional methods is 
often lower, even though the material costs are higher. This is because the FRPs materials have 
high strength and stiffness to weight ratio mean that a smaller weight of FRP needs to be applied. 
This low weight reduces transportation and installation costs [5, 20]. 
Despite their numerous advantages FRPs are not without drawbacks. Unidirectional FRP 
materials are characterized by linear elastic behavior up to failure; this lack of yielding can result 
in less ductile structures unless this behavior is specifically considered at the design stage. These 
materials are very susceptible to damage from impact, fire, or vandalism, and as such need to be 
protected. Though FRPs do not exhibit corrosion, they are not immune to environmental impacts 
and do suffer degradation due to moisture, temperature [5, 20]. This disadvantage is of particular 
importance because there is currently little long-term information on the durability of composites 
in exposed hygrothermal environments [5, 20]. This research intends to fill the gap using FEM 
simulations. 
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1.2.4 Adhesive 
Adhesives are used to attach the composite sheets to other surfaces such as concrete. The 
most common adhesives are acrylics, epoxies and urethanes. Epoxies provide high bond strength 
with high temperature resistance, whereas acrylics provide moderate temperature resistance with 
good strength and rapid curing [14]. Several considerations are involved in applying adhesives 
effectively. Careful surface preparation such as removing the cement paste, grinding the surface 
by using a disc sander, removing the dust generated by surface grinding using an air blower and 
careful curing are critical to bond performance [14, 24]. Often the most critical part of FRP 
application is the adhesive layer between the composite material and substrate, Figure (1.2). 
 
Figure (1.2): Concrete-FRP system [14] 
Although the influence of temperature, moisture, on concrete and FRP composite has 
been studied in several researches, all the previous studies mainly focused on the FRP material 
level. Most of the existing FE studies focused on the short-term performance of FRP bonded 
concrete structures. Very few studies have investigated the influence of hygrothermal 
environments and mechanical loading on the long-term durability performance of bonded 
concrete structures [5]. The target environments must be able to represent natural weathering 
conditions. The long-term performance of FRP composite materials should be obtained through 
laboratory testing in various simulated environments. Such degradation rates of the FRP 
materials and the bond properties should be used in the analytical and FE modeling for the 
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predictions of long term performance. Results of the laboratory and field tests shall be correlated 
with results of analytical analyses and finite element modeling [5]. 
This study will use finite element method to analyze the long-term performance of FRP 
bonded Beams and Columns subjected to environmental temperature and mechanical loading.  
1.3 Finite Element modeling of composites 
 Finite element method (FEM) is a numerical technique for finding approximate solutions 
to boundary value problems using differential equations. This method consists of envisioning the 
structure to be composed of discrete parts, which are then assembled in such a way as to 
represent the distortion of the structure under the specified loads. Each element has an assumed 
displacement field, and part of the skill of applying the method is in selecting appropriate 
elements of the correct size and distributions (The FE “mesh”).  FEM is useful because that an 
analytical solution is only available for a simple structure subject to a simple loading. 
 Finite element analysis can also be used to numerically model the behavior of structures 
to confirm the experimental data, as well as to provide a valuable supplement to the laboratory 
investigations, particularly in parametric studies. Finite element analysis, as used in structural 
engineering, determines the overall behavior of a structure by dividing it into a number of simple 
elements, each of which has well-defined mechanical and physical properties. 
 When analysing composite structures using finite elements we need to supply to the 
software appropriate input data for the material being used. Typically for composites we shall 
need moduli and strength of the single plies that constitute a laminate (the definition of ply and 
laminate is given below). Occasionally we may input the laminate properties directly [25]. 
 When calculating the mechanical properties of composites it is convenient to start by 
considering a composite in which all the fibres are aligned in one direction (i.e. a unidirectional 
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composite). This basic ‘building block’ can then be used to predict the behaviour of continuous 
fibre multidirectional laminates, as well as short fibre, non-aligned systems [25]. 
 The essential point about a unidirectional fibre composite is that its stiffness (and 
strength) are different in different directions. This behaviour contrasts with a metal with a 
random orientation of grains, or other isotropic material, which has the same elastic properties in 
all directions [25]. 
 Thin sheet constructions, known as laminates, are an important class of composite. They 
are made by stacking together, usually, unidirectional layers (also called plies or lamina) in 
predetermined directions and thicknesses to give the desired stiffness and strength properties. 
Such constructions are frequently encountered. The skins of aeroplane wings and tails, the hull 
sides and decking of ships, the sides and bottom of water tanks are typical examples. Even 
cylindrical components, such as filament wound tanks, can be treated as laminates, provided the 
radius-to-thickness ratio is sufficiently large (say >50) [25]. Laminates will be typically between 
4 and 40 layers, each ply being around 0.125 mm thick if it is carbon or glass fibre/epoxy 
prepreg. Typical lay-ups (the arrangement of fibre orientations) are cross-ply, angle ply and 
quasi-isotropic [25]. 
 When making a laminate we must decide on the order in which the plies are placed 
through the thickness (known as the stacking sequence). This has an important influence on the 
flexural performance of the laminate [25]. 
 There is an established convention for denoting both the lay-up and stacking sequence of 
a laminate. Thus, a four-ply cross-ply laminate which has ply fibre orientations in the sequence 
0°, 90°, 90°, 0° from the upper to the lower surface, would be denoted (0/90°)s. The suffix‘s’ 
means that the stacking sequence is symmetric about the mid-thickness of the laminate. 
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Laminates denoted by (0/45/90°)s and (45/90/0°)s have the same lay-up but different stacking 
sequences [25]. 
 The finite element method was initially developed for isotropic materials. One obvious 
difference between isotropic materials and composites is the fibrous nature of the composites. 
The fiber direction has to be specified in the input to the finite element package. Most composite 
structures are made by laying up plies of material with the fibers having different directions in 
each ply [5]. A laminate composite material differs from an isotropic in two ways: it is a layered 
material built up from stacked plies of material, and, in addition each ply is not isotropic but has 
directional properties with a higher stiffness in the directions of the fibers, which can change 
from ply to ply [5, 25]. Composites could also mean a combined plate of laminate and other 
materials such as lightweight core. In most lay-ups the thickness is small compared with the 
other dimensions of the composite plate so that it forms a plate type structure, and this is used to 
simplify the description. It is assumed that the strains through the thickness of the plate vary 
linearly in the local through-thickness (z) direction. Since the material properties vary from layer 
to layer, the stress variation through the thickness of the composite is much more complicated 
than that of the strains. In general there will be discontinues changes of stress from ply to ply [5, 
25]. This means that a simple material stiffness cannot be used for a laminated material. Instead 
laminate theory is employed. The stresses are integrated through the thickness of the plate [5, 
25]. The average values of the stress give the in-plane loads N and the linear variation gives the 
couples M. The end loads and moments are shown in Figure (1.3). Using the elasticity properties 
of each ply, rotated to the appropriate fiber directions, the end loads and moments can be related 
to the mid-plane strains ɛº and curvatures ĸ to give the laminate stiffness properties as  
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 Where A are in-plane stiffness propitiates, D are the bending stiffness propitiates, and B 
is the coupling that arises between the bending and membrane actions [5, 25]. 
 
Figure (1.3): Mid-plane forces and moments [25] 
1.4 Objectives and Research Goals 
The present investigation intends to study the effects of changing temperature on the 
mechanical properties of FRPs composites and the effect of deteriorated composites on the 
structural behavior of FRP bonded concrete structures when subjected to realistic environmental 
conditions. The overall approach will consist of computations using finite element models to 
simulate beam or column performance using ABAQUS software. Computer simulations based 
on advanced methods, such as the finite element method (FEM), are reliable and effective 
alternatives to structural analysis for the study of structural response and performance. ABAQUS 
finite element code can be used in various areas such as solid mechanics, heat transfer, and fluid 
mechanics, and is suitable for the analysis of composite structures. The program has an extensive 
material behavior library that allows for using data obtained from the testing laboratory to be 
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directly input into the model definition. This study will use finite element method to analyze the 
long-term performance of FRP bonded beams and columns subjected to environmental 
temperature and mechanical loading.  
In this work, ABAQUS/CAE 6.13-1 was used to simulate several test results from 
previous works [5]. The FE results were validated with the experimental performance data [5]. 
One of the major advantages of this software is the flexibility of implementing, revising, 
analyzing the model, and producing results. The overall objectives are: 
-   Investigate the effects of combined environmental loading and mechanical loading on the 
long-term mechanical properties of the FRP composites and the effect of deteriorated composites 
on the structural behavior of FRP bonded concrete beams and columns when subjected to 
realistic environmental conditions. The overall approach will consist of computations using finite 
element models to simulate structural performance using ABAQUS software. 
-  Employ the dimensional extended finite element method (X-FEM) and implement in the 
ABAQUS-CAE package to predict in detail the bond behavior at the interface between concrete 
and FRP strengthening fabric at different temperature. 
-   Study the delamination between concrete and external FRP strips at different temperature.  
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CHAPTER 2 LITERATURE REVIEW 
2.1 Environmental Factors on Composite Materials 
  Environmental effects on composite materials have to be considered in the early stages of 
design or the design iterations and failure will cause a waste of time, energy and money. Usually 
the degree of sensitivity of composites to individual environmental factors is quite different. 
Environmental effects on composite materials depend on the individual components - 
fiber, matrix, and the interface between the fiber and the matrix. Actually, overall effects 
primarily depend on the environmental factors that affect the dominant component materials. For 
example, transverse tension failure is a matrix dominant property, so the environmental 
degradation of transverse strength depends on the matrix sensitivity to environments [26].  
Some difficulties still exist during the field applications, which are related to ambient 
temperature, relative humidity, or combined factors. All the said factors both affect separately or 
synergistically and play a big role for effecting on the short-term and long-term bonding between 
the main structure and the FRP material [27]. 
Environmental effects of concern for composite materials used in bridges will not only be 
subjected to variable truck loads, but must withstand high and low temperatures, moisture, salt 
water, etc. 
The influence of environmental factors, such as elevated temperatures, high humidity, 
corrosive fluids, ultraviolet (UV) rays, and long-term physical and chemical stability, on the 
performance of polymer matrix composites is of concern in many applications [28, 29].  
These environmental conditions may cause degradation in the mechanical and physical 
properties of a fiber-reinforced polymer because of one or more of the following reasons [28, 
29]:   
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1. Physical and chemical degradation of the polymer matrix, for example, reduction in 
modulus due to increasing temperature, volumetric expansion due to moisture absorption, 
and scission or alteration of polymer molecules due to chemical attack or ultraviolet rays.  
2. Loss of adhesion or debonding at the fiber–matrix interface, which may be followed by 
diffusion of water or other fluids into this area. In turn, this may cause a reduction in fiber 
strength due to stress corrosion. 
3. Reduction in fiber strength and modulus. For a short-term or intermittent temperature rise 
up to 150
o
C–300oC, reduction in the properties of most commercial fibers is insignificant. 
However, depending on the fiber type, other environmental conditions may cause 
deterioration in fiber properties.  For example, moisture is known to accelerate the static 
fatigue in glass fibers. Kevlar 49 fibers are capable of absorbing moisture from the 
environment, which reduces its tensile strength and modulus. The tensile strength of 
Kevlar 49 fibers is also reduced with direct exposure to ultraviolet rays. 
4. Normal viscoelastic dependence of matrix modulus and strength on time and temperature. 
5. Accelerated degradation from the combined action of temperature and moisture. As a 
result of these environmental factors, the utility of composite materials is terminated 
when the stiffness is reduced sufficiently to cause structural instability, and/or failure or 
rupture of the material is induced. 
Composite properties change over time due to degradation of the resin matrix or the fiber 
reinforcements, or by breakdown at the fiber/matrix interface. Degradation of organic polymer 
matrices often manifests molecular rearrangement, with accompanying loss of compounds of low 
molecular weight [11]. This degradation is accelerated by elevated temperatures and the presence 
of moisture. Degradation of fiber reinforcements varies with fiber type. Unprotected glass fibers 
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dissolve in highly basic environments [11]. Carbon fibers are subject to galvanic corrosion as 
they are electrical conductors [11].  
Adhesively bonded joints may be exposed to various environmental conditions during 
their service life. These factors must be considered a critical factor in determining the long-term 
durability of adhesively bonded joints and need to be carefully identified and related to the type 
of service the material will perceive [30]. 
The main environmental factors in climatic exposure are temperature and humidity. The 
prolonged exposure or even short-term exposure to elevated temperatures will often produce 
irreversible chemical and physical changes within adhesives [30]. As the temperature increases, 
the bond strength decreases [30]. Also, the moisture absorbed in a polymeric material can lead to 
a wide range of effects, both reversible and irreversible, including plasticization, swelling, and 
degradation [30]. 
All environmental factors must be considered along with the mechanical loading to which 
the composite components will be subjected. Long-term or creep type loading as well as periodic 
or fatigue-type loading must be considered. The combination of environmental and mechanical 
loading complicates the durability of FRP composite [11]. 
The acceptance of composites as high performance materials will depend very much on 
the confidence of the designer and user of the materials. Until the degradation of composite 
materials by various environmental factors is better understood so that corrective measures can 
be taken, the true potential of such materials cannot be realized. 
The short-term effects of temperature, moisture, and chloride content on the CFRP 
adhesion using pull-off tests have been studied [27]. A maximum allowable humidity of 85% RH 
for adhesive seems appropriate. The 35
o
C or 95
o
F and 95% relative humidity can reduce the 
20 
 
 
 
bond strength to just above the minimum ACI 440 proposed requirement of 1.38MPa (200psi), 
but below the Navy’s requirement of 2.07MPa (300psi). Tests on dollies bonded to mortar cubes 
indicated that, in several cases, bond strength would decrease significantly at high temperatures 
and RH. Out of 216 tests were done, 35 did not meet the Navy’s requirement, and 15 would not 
meet the ACI 440 requirement. Most of these failures also occurred at a high temperature (38
o
C 
or 100
o
F) and RH (95%) [5, 27].  
Elarbi [5] studied the effects of changing hygrothermal conditioning cycles on the 
durability performance of FRP strengthened concrete beams and columns. The study include the 
long term influence of moisture, high temperature (100 °C, 180 °C), and combined hygrothermal 
conditions on the mechanical properties of FRPs composites and the effect of deteriorated 
composites on the structural behavior of concrete beams and columns when subjected to realistic 
environmental conditions. He utilized two different relative humidities (0% and 100%). He also 
studied the fracture behavior between concrete and external FRP strips in hygrothermal 
condition. He tested several sets of specimens include epoxy beams, concrete beams and 
columns, and FRP strengthened concrete beams and columns exposed to different environmental 
conditions. Carbon and glass fiber reinforcement polymer with resin material were provided 
from two different resources have been utilized in his study. The flexural strength of plain 
concrete beams increased due to subjecting to 100 °C temperature, the magnitudes of flexural 
strength increases varied with the number of cycles. The flexural strength of Tyfo-S epoxy 
material improves under the 100 °C temperature environment until 250 cycles and decreases 
under the 180 °C temperature environment. All the epoxy beam specimens exposed to 100 °C 
ruptured. The flexural strength of strengthened concrete beams after subjected to 100 °C and 40 
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cycles, showed improvement, ranging from 46% to about 55% over the control specimens (plain 
concrete control specimen). 
The 100 °C temperature environment improved the strength of both unstrengthened and 
FRP strengthened concrete beams/columns, and epoxy beams until 250 cycles. No degradation 
occurred for any specimen that was strengthened by SikaWrap Hex 113C CFRP and exposed to 
100 °C; the mode of failure was FRP rupture for all specimens. By exposing to 180 °C, both the 
flexural and compressive strength decreased and the FRP delamination was the dominant mode 
of failure for all beam specimens.  
The presence of humidity has some influence on the strength of concrete beams and 
columns especially at 180 °C. For instance, the flexural strength results of the samples 
conditioned at 100% relative humidity were less than those results of 0% relative humidity at the 
same numbers of cycles. 
The level of relative humidity has an important influence on the maximum deflection of 
epoxy beam specimens. For example, after 625 cycles, the deflection of the 0% humidity 
specimens was 2 - 4 times higher than that of the 100% humidity specimens. The strength of 
epoxy materials improves by aging under the standard laboratory conditions. Such strength 
increases continue up to 250 cycles time when being exposed to temperature of 100 °C, but the 
strength recorded noticeable decreases after 625 cycles. By exposing to 180 °C the strength 
decreased compared to the control specimens. At 100 °C temperature, no strong effect of the 
cycle period (2hr vs. constant temperature) on the deflection has been noticed, especially when 
the number of cycles was 250 cycles or less.  
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2.1.1 Thermal Effect on FRP Composite 
The advantages of using FRP materials have become more apparent. FRP material is high 
in strength, light-weight, corrosion resistant, and extremely versatile [31]. Strengthening and 
increased durability can be achieved in a column through the retrofitting of FRP. Research has 
proven that closely spaced transverse FRP reinforcement in concrete bridge columns, mainly in 
the plastic hinge zone, greatly increases the compressive strength and ultimate compressive 
strain in the concrete [31]. Due to the increase in the ultimate compressive strain, the ductility 
and energy absorption capacity are also considerably improved.  
The fibers increase thermal and fatigue properties, provide better dimensional stability 
and electrical resistivity of the composites. Increasing use of composites for various applications 
emphasizes its importance/significance in the thermal property analysis of an engineering 
system. Thermal conductivity of a composite can be measured by experimental methods [32]. 
Gowayed [33] has discussed both transverse and axial thermal conductivity of a carbon 
fiber composite. A non-linear increase in the thermal conductivity was reported with the increase 
of fiber volume fraction of plain weaves and no theoretical models are able to predict this non-
linearity. 
Carbon and aramid fibres have a very small, or even slightly negative, coefficient of 
longitudinal thermal expansion [25]. One consequence of this is that residual stresses are set up 
in a unidirectional composite as it cools from the curing temperature. In the transverse direction 
these stresses can be a significant fraction of the failure stress of the matrix. Hence, any 
calculation which attempts to predict failure should include these thermal effects [25]. A second 
consequence of the fibre and matrix having different expansion coefficients is that the composite 
has different coefficients in the longitudinal and transverse directions [25]. 
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Laminate analysis should be modified to take account of thermal and moisture effects. 
This is necessary so that a better estimate of strength may be obtained [25]. 
The experimental investigation into the effect of temperature on the strengthening of 
reinforced concrete beams with externally bonded Carbon Fibre Reinforced Polymer (CFRP) 
reinforcement has been studied [34]. Four different beam configurations have been investigated, 
each at 20°C, 50°C and 70°C. When compared to room temperature, the type of failure and the 
failure load of the beams tested at 50°C were not significantly affected. At 70°C, the type of 
failure changed for one of the beams from failure in the concrete adjacent to the concrete 
adhesive interface to failure exactly in the concrete-adhesive interface. The failure loads of the 
beams tested at 70°C were not significantly affected compared to room temperature, except for 
the beam with a relatively short laminate length. Prefabricated FRP laminates are produced by a 
pultrusion process, where the fibres are pulled through the matrix material. After impregnation 
of the fibres, the FRP is cured and shaped in its final form. At the end of the process, the 
laminates can be cut to length. For this beam, the load capacity is expected to be mainly related 
to the capacity of the end anchorage zone, which was negatively affected by the effects of the 
elevated temperature [34]. 
A study on the influence of temperature in three point bending tests at temperatures 
ranging from -100°C up to 40°C has been studied [35]. Relative to the failure load at room 
temperature, decreased failure loads were found both for increasing and decreasing temperatures 
(Figure (2.1)).  In tests at –100C, the greatest load values were reached at the end of the linear 
behavior. The maximum load value was recorded for the specimens with laminae having a low 
elastic modulus, and only these specimens, when tested at –100C, showed an increase in the 
maximum load compared with the specimens tested at room temperature. Only the specimens 
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with a high-modulus lamina, when tested at –100C, showed a lower rigidity than the specimens 
with a low-modulus lamina, due to the microcracking of the concrete in the bond zone. A greater 
reduction in the load values were recorded for specimens strengthened with high-modulus 
laminae. Thus, the test specimens exhibit not only variations in the maximum load but also a 
significant influence on the nature of debonding [35]. 
Different types of failure were found depending on the applied temperature. For high 
temperature (40°C), cohesive failure of the adhesive was found (Figure (2.2) a). For moderate 
temperatures failure of the concrete was found near the interface with the adhesive (Figure (2.2) 
b), while for very low temperatures (-100°C) delamination within the CFRP was found (Figure 
(2.2) c). The first two types of failure were similar to those observed in the double-lap shear tests 
[34, 35]. 
Figure (2.1): Temperature-failure load relation of flexural tests; E is Young’s 
modulus [34, 35]. 
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Figure (2.2): Failure of the three point bending tests at different temperatures [34] 
The influence of temperature on small scale three point bending tests has also been 
investigated by Klamer et al. [36]. In these tests, an increasing failure load was found with 
increasing temperatures, until around the glass transition temperature of the adhesive (62°C), 
Figure (2.3). For higher temperatures, a decreasing failure load was found due to the changed 
type of failure. Failure changed above the glass transition temperature from failure in the 
concrete near the interface with the adhesive to failure exactly in the interface in between the 
concrete and the adhesive [34, 36].  
 
Figure (2.3): Temperature-failure load relation of flexural tests; fc is concrete 
strength [34] 
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2.1.2 Freeze-thaw cycling effect on FRP composites 
Temperature variation can affect composite behavior as a result of thermal expansion 
mismatch (for instance between fibers and matrix and between plies of different orientations); 
the level of residual stress will depend on the range of temperatures. As the thermal cycling 
progresses the residual stresses are being effectively cycled and this will lead to damage such as 
fiber fracture, matrix cracking and delamination with a consequent degradation in mechanical 
properties. The effect will be aggravated if water is present within the microstructure as the rate 
of diffusion of moisture into the composite is accelerated by temperature rise. Water vapor will 
force the crack faces to open, promoting further damage [11]. 
Under everyday service conditions, outdoor FRP structures are subjected not only to the 
structural loads but also to a wide range of temperature and moisture changes. The effect of cold 
region climate on FRP materials is of special concern where the concrete deterioration is most 
often observed [37]. 
The freeze–thaw cycling between 4.4 and -17.8o C alone caused very insignificant or no 
change in flexural strength, storage modulus, and loss factor for the E-glass/vinyl ester 
specimens conditioned in distilled water and saltwater [38]. Wu et al. [38] also concluded that 
the small reductions in modulus were observed after 250 freeze–thaw cycles in water when the 
specimens were loaded to 25% of their ultimate strain while undergoing freeze/thaw cycles,  no 
deterioration was observed for the specimens prestrained and freeze–thaw cycled in dry air 
conditions. Constant freeze at -17.8
o 
C resulted in a minor increase in flexural strength and 
storage modulus over time. 
The reductions in strength and stiffness of the glass/vinyl ester composites are substantial 
after 10,000 h freeze/thaw cycles only when the composites were also subjected to a sustain load 
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of 25% strain, whereas the reductions are insignificant when the composites were not preloaded 
[37].   
Tests conducted by Dutta [39], where FRPs were subjected to 150 freeze–thaw cycles 
from +23°C to –40°C, however, showed that the tensile strength of glass–epoxy FRP was 
reduced by about 10% because of freeze–thaw cycling. 
A freezing wind strikes bridges above and below and on both sides, so it's losing heat 
from every side. A road is only losing heat from its surface. Even while the temperature on the 
road surface is dropping, the heat underneath the road keeps it warm enough to prevent icing as 
temperatures in the atmosphere drop below freezing. Bridges have no way to trap any heat, so 
they will continually lose heat and freeze shortly after temperatures in the atmosphere hit the 
freezing point [40]. 
Seasonal freezing may significantly influence the lateral load behavior of bridges. With 
shear strength and stiffness increased by up to two orders of magnitude, frozen soil at the ground 
surface will alter the seismic behavior of structures in cold conditions. The stiffness and ductility 
capacity of structures will be affected as the properties of concrete and steel are modified by the 
cold temperatures [41].  
 Not all thermal exposure is deleterious since in a number of cases it can actually result in 
much needed postcure of FRP components [42]. Additionally, the same resin can have vastly 
different properties, depending on the curing process, curing temperature, and time cured. For 
example, many epoxy resins require a "post-cure" to help reach the highest thermal performance 
characteristics. A post-cure is the method of using higher temperature for a duration of time to a 
composite, after the resin matrix has already cured through the thermosetting chemical reaction. 
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A post cure can help align and organize the polymer molecules, further increasing structural and 
thermal properties [43]. 
Subzero temperature exposure can result in matrix hardening, matrix microcracking, and 
fiber-matrix bond degradation. Freeze-thaw in the presence of salt can result in accelerated 
degradation due to the formation and expansion of salt deposits in addition to effects of moisture 
induced swelling and drying [36].  Exposure to temperature above that of processing can result in 
an initial postcure followed by degradation due to thermal effects. The coefficients of thermal 
expansion of adhesives can be orders of magnitude different from those of bulk resins and/or 
composites, and hence thermal gradients/exposure can cause premature debonding along the FRP 
composite-adhesive concrete interfaces [42]. The greatest concern with temperature effects on 
composite structures in civil engineering applications is that freeze/thaw conditions can 
potentially result in debonding of laminates. Failure is also possible if the laminating resin or 
adhesive softens excessively under high temperatures. The upper use temperature, the Material 
Operational Limit, of a given laminating resin defined as the temperature at which the flexural 
strength decreases to half the room temperature value, needs to be clearly followed for field 
implementation. FRP composites should not be used at temperatures above their glass transition 
temperatures, and for purposes of design it is recommended that materials be chosen that have a 
Tg at least 30 °F above the maximum expected use temperature [42]. 
Dutta [44] found that a commercial FRP composite produced cracks on prolonged 
thermal cycling between 50 
0
C and –60 0C. He pointed out that the resin type and the curing 
process control the thermal cycle response and ultimate durability of such FRP composites in 
extreme temperature environments. 
29 
 
 
 
Verghese et al. [45] investigated the effect of temperature cycling of polymer composite 
materials between –18 0C and 4 0C in a water bath. They found that although it is virtually 
impossible to freeze water in a highly crosslinked amorphous polymer like vinyl ester because of 
very small pore sizes of about 6-20A; in the composite system, interfacial crack dimensions exist 
that are large enough to facilitate the freezing of water during aging.  
2.1.3 Moisture Effect on FRP Composite 
Water molecules can diffuse into the network of composites to affect the mechanical 
properties. Water, in liquid or vapour forms, is often regarded as one of the most worrying agents 
that may affect the properties of an epoxy adhesive and the interface between it and the 
adherends [46]. Most bonded structures, when exposed to water or humidity will lose strength 
over a period of time and in rare cases they may fail, although this effect is limited to very 
extreme conditions [46]. 
Glass fibers are particularly sensitive to moisture, especially in the presence of salts and 
elevated alkalinity, and need to be well protected by the resin system used in the FRP part [18]. 
Aramid fibers having difficulty in processing, high moisture absorption (up to 6% by 
weight), low melting temperatures [around 425
0 
C (~800
0 
F)], and relatively poor compressive 
properties have made them less attractive for FRP parts for structural engineering applications 
[18].  
Moisture absorption is dependent upon temperature, exposure time, and material 
properties (i.e. diffusion coefficient and activation energy). Diffusion is defined as the process by 
which matter is transported from one part of a system to another as a result of molecular motion 
[11].  
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Moisture absorption of composites is influenced by many factors and is highly material 
dependent. In most cases, fiber diffusivity is negligible as compared to the matrix. Resins, such 
as epoxies, will absorb differently depending on their chemical structure [11]. Vinyl ester resins 
are unsaturated esters of epoxy. They therefore have similar mechanical and in service properties 
to those of epoxy resins but can be processed by similar techniques to those of polyesters [11]. 
Generally vinyl esters have good wetting characteristics and bond well to glass fibers. Compared 
to polyesters, vinyl esters offer reduced water absorption and shrinkage as well as enhanced 
chemical resistance. E-glass reinforcement however is extremely sensitive to both temperature 
and moisture [11].  
Moisture diffusion into the resin can lead to a reduction in glass transition temperature 
and softening, which result in the degradation of stiffness and strength. This degradation can be 
aggravated and involve the interface under more severe conditioning. Thus, moisture content and 
its effects on resin properties are very important for designers [47].  
The durability of FRP bonded concrete structure in moist environments is largely 
controlled by the rate at which water and the deleterious ions that use water as a carrier move 
through the system. The knowledge of moisture transport in the FRP bonded concrete structures 
is very important since the bond interface between concrete substrate and adhesive layer is 
susceptible to damage due to the presence of moisture [5].  
Study was conducted on the long-term deterioration of GFRP composites in a water and 
moisture environment [48]. The main findings of their study are cracks emerged on the surface 
of the GFRP specimens and the weight of the specimens decreased during the deterioration test 
which may be attributed to the surface treatment oil for the glass fiber cloth being dissolved 
away. The bending strengths of the GFRP specimens dropped compared to the initial bending 
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strength values. Specimens immersed in 60°C water exhibited faster weight-reduction rates and 
greater declines in bending strength compared to the specimens conditioned at atmosphere at 
60°C or an immersion in 40°C water. They proposed that these differences were due to 
debonding between the glass fiber and the matrix resin that occurred in the immersion at the 60 
°C water condition [48]. 
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CHAPTER 3 FINITE ELEMENT METHOD 
3.1 Introduction 
Finite Element Analysis (FEA) was first developed in 1943 by R. Courant, who utilized 
the Ritz method of numerical analysis and minimization of variational calculus to obtain 
approximate solutions to vibration systems [49].  Shortly thereafter, a paper published in 1956 by 
M. J. Turner, R. W. Clough, H. C. Martin, and L. J. Topp established a broader definition of 
numerical analysis. Their paper centered on the "stiffness and deflection of complex structures" 
[49].  By the early 70's, FEA was limited to expensive mainframe computers generally owned by 
the aeronautics, automotive, defense, and nuclear industries. Since the rapid decline in the cost of 
computers and the phenomenal increase in computing power, FEA has been developed to an 
incredible precision. Present day supercomputers are now able to produce accurate results for all 
kinds of parameters [49]. FEA consists of a computer model of a material or design that is 
stressed and analyzed for specific results. It is used in new product design, and existing product 
refinement. A company is able to verify a proposed design and to conform to client's 
specifications prior to manufacturing or construction. Modifying an existing product or structure 
is utilized to qualify the product or structure for a new service condition. In case of structural 
failure, FEA may be used to help determine the design modifications to meet the new condition 
[49].  
There are generally two types of analysis that are used in industry: 2-D modeling, and 3-
D modeling. While 2-D modeling conserves simplicity and allows the analysis to be run on a 
conventional computer, it tends to yield less accurate results. 3-D modeling, however, produces 
more accurate results while sacrificing the ability to run on all but the fastest computers 
effectively [49]. Within each of these modeling schemes, the programmer can insert numerous 
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algorithms (functions) which may make the system behave linearly or non-linearly. Linear 
systems are far less complex and generally do not take into account plastic deformation. Non-
linear systems do account for plastic deformation, and many also are capable of testing a 
material all the way to fracture [49]. 
FEA uses a complex system of points called nodes which make a grid called a mesh. This 
mesh is programmed to contain the material and structural properties which define how the 
structure will react to certain loading conditions. Nodes are assigned at a certain density 
throughout the material depending on the anticipated stress levels of a particular area. Regions 
which will receive large amounts of stress usually have a higher node density than those which 
experience little or no stress. Points of interest may consist of: fracture point of previously tested 
material, fillets, corners, complex detail, and high stress areas. The mesh acts like a spider web 
in that from each node, there extends a mesh element to each of the adjacent nodes. This web of 
vectors is what carries the material properties to the object, creating many elements [49]. As an 
initial step, a finite element analysis requires meshing of the model. In other words, the model 
will be divided into a number of small elements, and after loading, stress and strain will be 
calculated at integration points of these small elements [50]. An important step in finite element 
modeling is the selection of the mesh density. A convergence of results is obtained when an 
adequate number of elements are used in a model. This is practically achieved when an increase 
in the mesh density has a negligible effect on the results [51].    
 A wide range of objective functions (variables within the system) are available for minimization 
or maximization [49]: 
- Mass, volume, temperature 
- Strain energy, stress strain 
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- Force, displacement, velocity, acceleration 
- Synthetic (User defined) 
Many FEA programs also are equipped with the capability to use multiple materials within the 
structure such as [49]: 
- Isotropic, identical throughout 
- Orthotropic, identical at 90 degrees 
- General anisotropic, different throughout 
Structural analysis consists of linear and non-linear models. Linear models use simple 
parameters and assume that the material is not plastically deformed. Non-linear models consist 
of stressing the material past its elastic capabilities. The stresses in the material then vary with 
the amount of deformation [49]. 
Fatigue analysis helps designers to predict the life of a material or structure by showing 
the effects of cyclic loading on the specimen. Such analysis can show the areas where crack 
propagation is most likely to occur. Failure due to fatigue may also show the damage tolerance 
of the material [49]. 
Heat Transfer analysis models the conductivity or thermal fluid dynamics of the material 
or structure. This may consist of a steady-state or transient transfer. Steady-state transfer refers to 
constant thermo properties in the material that yield linear heat diffusion [49]. 
FEA has become a solution to the task of predicting failure due to unknown stresses by 
showing problem areas in a material and allowing designers to see all of the theoretical stresses 
within. This method of product design and testing is far superior to the manufacturing costs 
which would accrue if each sample was actually built and tested [49]. 
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The formulation of finite element method was mainly based on two principles. The first 
is the principle of minimum potential energy, which is concerned with satisfying the continuity 
conditions within the structure and the kinematic boundary conditions, but no requirements that 
the equilibrium of stress and boundary conditions be satisfied (displacement or stiffness model); 
the second is a principle of minimum complementary energy which is concerned with the stress 
fields that satisfy the conditions of equilibrium, but not necessarily the requirements of 
compatibility (stress or flexibility model) [5]. 
3.2 Extended Finite Element Method 
The extended finite element method (XFEM), also known as generalized finite element 
method (GFEM) or partition of unity method (PUM) is a numerical technique that extends the 
classical finite element method (FEM) approach by extending the solution space for solutions to 
differential equations with discontinuous functions [52]. 
The extended finite element method (XFEM) was developed in 1999 by Ted Belytschko 
and collaborators [53], to help alleviate shortcomings of the finite element method and has been 
used to model the propagation of various discontinuities. The idea behind XFEM is to retain 
most advantages of mesh free methods while alleviating their negative sides [52]. 
 
The extended finite element method was developed to ease difficulties in solving 
problems with localized features that are not efficiently resolved by mesh refinement. One of the 
initial applications was the modelling of fractures in a material [52]. In this original 
implementation, discontinuous basis functions are added to standard polynomial basis functions 
for nodes that belonged to elements that are intersected by a crack to provide a basis that 
included crack opening displacements [52]. A key advantage of XFEM is that in such problems 
the finite element mesh does not need to be updated to track the crack path. Subsequent research 
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has illustrated the more general use of the method for problems involving singularities, material 
interfaces, regular meshing of microstructural features such as voids, and other problems where a 
localized feature can be described by an appropriate set of basis functions [52]. 
The mechanical model and level set update for non-planar three dimensional crack 
growth have been discussed [54], based on a Hamilton–Jacobi equation to update the level sets 
with a velocity extension approach to preserve the old crack surface. 
3.3 Finite Element Modeling of FRP Strengthened Beams/Columns 
Use of fiber reinforced plastic (FRP) composites for strengthening of beams and columns 
in RC structures has attracted great attention in recent decades (see Figure (3.1)) [55, 56]. 
However, less attention has been paid to strengthening RC connections with FRP laminates. 
 
Figure (3.1): Finite element model of the reinforced concrete beam strengthened with FRP 
laminate [56] 
Kishi et al. [57] developed a numerical analysis method by using a three-dimensional 
elasto-plastic finite element method to simulate the load-carrying capacity of RC beams failed in 
the FRP sheet peel off mode. The discrete crack approach was employed to consider geometrical 
discontinuities such as opening of cracks, slipping of rebar, and debonding of the FRP sheet. 
Comparisons between analytical and experimental results confirm that the proposed numerical 
analysis method is appropriate for estimating the load-carrying capacity and failure behavior of 
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RC beams flexurally reinforced with a FRP sheet [57]. In their study, One quarter of each RC 
beam was three dimensionally modeled for numerical analysis with respect to the two 
symmetrical axes. Figure (3.2) shows the mesh geometry of one beam as an example. In this 
model, axial rebar and FRP sheet were modeled using eight-node solid elements and concrete 
was modeled using eight-node and/or six-node solid elements. Stirrups were modeled using 
embedded reinforcement elements (DIANA 2000) assuming a perfect bond between the stirrup 
and concrete. In their study, to limit the stress concentration occurring in the concrete elements 
around the loading and the supporting points, elastic steel plates 50-75-20 mm in dimension were 
introduced into the numerical analysis and were modeled using eight-node solid elements. 
Sensitivity analyses for the mechanical parameters of the bonding interface between the FRP 
sheet and concrete have been conducted. It is confirmed that the numerical result has a good 
agreement with the experimental result. 
 
Figure (3.2): Finite element analysis model for the beam [57] 
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Kachlakev et al. [58] studied analytically four models of beams (Control, Flexure, Shear, 
Flexural/Shear) using FE and compared their numerical results with the experimental results. 
They stated that finite element models using ANSYS computer program had shown a good 
agreement with the obtained results from the experimental data. And the proposed flexural 
strengthening schemes increased beam capacity, enhanced beam mechanical properties like 
ductility and toughness, and improved cracking behaviour of the strengthened beam. 
 An eight-node solid element [58], Solid65, was used to model the concrete. The solid 
element has eight nodes with three degrees of freedom at each node each node – translations in 
the nodal x, y, and z directions. The element is capable of plastic deformation, cracking in three 
orthogonal directions, and crushing [58]. The geometry and node locations for this element type 
are shown in Figure (3.3). 
 
Figure (3.3): Solid65 – 3-D reinforced concrete solid [59] 
A Link8 element was used to model the steel reinforcement [58]. Two nodes are required 
for this element. Each node has three degrees of freedom, translations in the nodal x, y, and z 
directions. The element is also capable of plastic deformation. The geometry and node locations 
for this element type are shown in Figure (3.4). 
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Figure (3.4): Link8, 3-D Spar [59] 
A layered solid element, Solid46, was used to model the FRP composites [58]. The 
element allows for up to 100 different material layers with different orientations and orthotropic 
material properties in each layer. The element has three degrees of freedom at each node and 
translations in the nodal x, y, and z directions. The geometry, node locations, and the coordinate 
system are shown in Figure (3.5). 
 
Figure (3.5): Solid46 – 3-D layered structural solid [59] 
The FRP layered solid elements were connected to those of adjacent concrete solid 
elements in order to satisfy the perfect bond assumption. Figure (3.6) illustrates the element 
connectivity [58]. 
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Figure (3.6): Element connectivity: (a) concrete solid and link elements; (b) concrete solid 
and FRP layered solid elements [58] 
 
For concrete, ANSYS requires input data for material properties as follows [58]: 
 Elastic modulus (Ec). 
 Ultimate uniaxial compressive strength (f’c). 
 Ultimate uniaxial tensile strength (modulus of rupture rf  ). 
 Poisson’s ratio (ν). 
 Shear transfer coefficient (βt). 
 Compressive uniaxial stress-strain relationship for concrete.   
Compressive uniaxial stress-strain relationship for concrete and the ultimate concrete 
compressive and tensile strength for each model can be calculated using (ACI 318, 2005) [60]. 
                                                                                                                           (3.1) 
                                                                                                                               (3.2) 
Where: ,cE , cf  , and rf   are in psi. 
Input data needed for the FRP composites in the finite element models are as follows [58]:  
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• Number of layers.  
• Thickness of each layer.  
• Orientation of the fiber direction for each layer.  
• Elastic modulus of the FRP composite in three directions (Ex, Ey and Ez).  
• Shear modulus of the FRP composite for three planes (Gxy, Gyz and Gxz).  
• Major Poisson’s ratio for three planes (νxy, νyz and νxz).  
 
                                                                                                                       (3.3) 
Where:  
νyx= Minor Poisson’s ratio   
Ex = Elastic modulus in the x direction (fiber direction)  
Ey = Elastic modulus in the y direction  
νxy = Major Poisson’s ratio  
As demonstrated by Kachlakev et al. [58], Figure (3.7) shows a good agreement between 
the finite element analysis and the experimental results for a CFRP bonded beam under flexural 
loading (Flexure Beam). The model, however, consistently shows somewhat higher strains than 
the experimental results at the same load. This trend is similar to what was observed for the steel 
strain in the same Flexure Beam. 
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Figure (3.7): Load versus tensile strain in the CFRP for the Flexure Beam [58] 
             Figure (3.8) shows that the GFRP load-strain data from the finite element analysis and 
the experimental data for the Shear Beam have similar trends initially. However, the differences 
increase greatly under high loads. Similar to the Flexure Beam, the strains calculated by the 
finite element analysis for the Shear Beam are higher than those for the experimental results at 
the same load. 
 
Figure (3.8): Load versus tensile strain in the GFRP for the Shear Beam [58] 
43 
 
 
 
 
Figure (3.9): Load-compressive strain plot for concrete in Control Beam [58] 
Figure (3.9) shows that the load-compressive strain plots for the concrete from the finite 
element analysis and the experimental data have excellent agreement in the Control Beam.  
 
Figure (3.10): Load-compressive strain plot for concrete in Flexure Beam [58] 
        Figure (3.10) shows that the load-compressive strain plots for the Flexure Beam have a 
similar trend; however, strains in the concrete calculated by ANSYS are higher than those from 
the experimental results at the same load. 
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Figure (3.11): Load-compressive strain plot for concrete in Shear Beam [58] 
Figure (3.11) shows the load-compressive strain plots for concrete in the Shear Beam.  
For applied loads from 0 to 467 kN (0 to 105 kips), the load-strain plots from the finite element 
model and the experimental results do not correlate well. As shown in the Figure, the 
experimental beam exhibits a much profound nonlinear behavior. This behavior should not 
happen at this load level. Either erroneous test data or local material imperfections may have 
caused the behavior. For example, cracks may be occurring at the interfaces between the cement 
and aggregate, due to their differences in elastic modulus, thermal coefficient of expansion, and 
response to change in moisture content when the concrete is hardened. At about 489 kN (110 
kips), large strains occur for the finite element model, whereas at a load of 534 kN (120 kips) 
similar behavior takes place for the actual beam.  
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Figure (3.12): Load-deflection plot for Control Beam [58] 
Figure (3.12) shows that the load-deflection plot from the finite element analysis agrees 
well with the experimental data for the Control Beam. In the linear range, the load-deflection 
plot from the finite element analysis is stiffer than that from the experimental results by 
approximately 66%. 
 
Figure (3.13): Load-deflection plot for Flexure Beam [58] 
Figure (3.13) shows that the load-deflection plots for the Flexure Beam, the experimental 
data and the finite element analysis are in reasonably good agreement. Similar to the Control 
Beam, the finite element model is stiffer than the actual beam in the linear range by 
approximately 55%. 
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Figure (3.14): Load-deflection plot for Shear Beam [58] 
As shown in Figure (3.14), the two load-deflection plots for the Shear Beam correlate 
well with each other. The finite element model is stiffer than the actual beam in the linear range 
by approximately 52%. The first cracking load for the finite element model is 96.1 kN (21.6 
kips), which is higher than the load of 87.6 kN (19.7 kips) from the experimental results by 10%. 
After first cracking, the finite element model and the actual beam have almost the same stiffness. 
Large deflections begin to occur in the finite element model, however, at a load of 489 kN(110 
kips), whereas the same behavior in the actual beam is observed at about 534 kN (120 kips). It is 
evident that the yielding of the steel reinforcement creates the large deflections. The final load 
for the finite element model is 525 kN (118 kips), which is less than the ultimate load of 689 kN 
(155 kips) for the experimental beam by 24% [58]. 
Figure (3.15) compares the two load-deflection plots for the Flexure/Shear Beam up to 
712 kN (160 kips). The load-deflection plot from the finite element analysis agrees well with the 
experimental data. In the linear range, the load-deflection plot from the finite element analysis is 
slightly stiffer than that from the experimental results by about 12%. The first cracking load 
levels from the finite element analysis and the experimental results are 101.9 kN (22.9 kips) and 
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96.1 kN (21.6 kips), respectively, a difference of 6%. After cracking, the stiffness for the finite 
element model is slightly higher than the experimental data by approximately 14%. Above 645 
kN (145 kips), the stiffness of the finite element model decreases due to the yielding of the steel 
reinforcement in the beam model. The failure load in the model is 930 kN (209 kips), but the 
actual beam did not fail. 
 
Figure (3.15): Load-deflection plot for Flexure/Shear Beam (Actual beam did not fail) [58] 
In general, the load-deflection plots for all four beams from the finite element analyses 
agree quite well with the experimental data. For the four beams, the finite element load-
deflection plots in the linear range are stiffer than the experimental plots by 12% - 66%. The first 
cracking loads for all four models from the finite element analyses are higher than those from the 
experimental results by 6% - 34%. After first cracking, the stiffness of the finite element models 
is again higher than that of the experimental beams by 14% - 28%. For the load-tensile strain 
plots for the main steel reinforcing at midspan, the strains of the steel from the finite element 
analysis and the experimental data correlate well in the linear range, and the trends in the 
nonlinear range are generally comparable. The final loads from the finite element analyses are 
lower than the ultimate loads from the experimental results by 5% - 24%. The load carrying 
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capacity of the Flexure/Shear strengthened beam predicted by the finite element analysis is 
higher than that of the Control Beam by 105%, which agrees very well with hand calculations 
showing that the FRP-strengthened beam has a higher ultimate load than the Control Beam by 
104% [58]  
Obaidat et al. [61] presented a finite element analysis which was validated against 
laboratory tests of eight beams. All beams had the same rectangular crosssection geometry and 
were loaded under four point bending, but differed in the length of the carbon fibre reinforced 
plastic (CFRP) plate. The commercial numerical analysis tool ABAQUS was used, and different 
material models were evaluated with respect to their ability to describe the behaviour of the 
beams. Linear elastic isotropic and orthotropic models were used for the CFRP and a perfect 
bond model and a cohesive bond model was used for the concrete – CFRP interface. A plastic 
damage model was used for the concrete. The analyses results showed good agreements with the 
experimental data regarding load–displacement response, crack pattern and debonding failure 
mode when the cohesive bond model is used. The perfect bond model failed to capture the 
softening behaviour of the beams. There is no significant difference between the elastic isotropic 
and orthotropic models for the CFRP. 
A nonlinear 3-D numerical model has been developed using the ABAQUS finite element 
program, and it was used to examine the shear behaviour of beams retrofitted by CFRP [62]. 
Two models were used to represent the interface between CFRP and concrete, a perfect bond 
model and a cohesive model. Validation of the model was performed using data obtained from 
an experimental study. The results showed that the cohesive model was able to simulate the 
composite behaviour of reinforced concrete beams retrofitted by CFRP in shear correctly. The 
model is then used to examine the influence of length and orientation of CFRP. Change in length 
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of CFRP reinforcement may result in different behaviours of retrofitted beams. The longest 
CFRP presents a high stiffness and high load. The peak load and deflection is slightly affected by 
the orientation of CFRP. For 45º CFRP orientation, a larger increase (almost 15%) in load 
capacity is obtained compared to 90º [62]. 
The finite element program ABAQUS was also used to study the effect of different 
parameters on the behaviour of an RC beam retrofitted with carbon fibre reinforced polymer 
(CFRP) [63]. These parameters were the stiffness and width of the CFRP. A linear elastic 
isotropic model was used for the CFRP and a cohesive bond model was used for the concrete–
CFRP interface. A plastic damage model was used for the concrete [63]. The material models 
were validated against experimental work and the results showed good agreements between 
experimental data and numerical results. Observations indicate that the CFRP width to beam 
width ratio and CFRP stiffness influence the type of failure mode of a beam retrofitted with 
CFRP. For small width and for high stiffness, debonding will occur before steel yielding due to 
stress concentration at the end of the plate. For small values of stiffness, rupture of CFRP will 
occur. It was found that when the stiffness of CFRP increases the maximum load increases until 
a certain value of stiffness, then the maximum load decreases again. Simulations also show that 
the external load at steel yielding and the maximum load increase with the CFRP width [63]. 
Supaviriyakit et al. [64] developed a FE model to analyze RC beams strengthened with 
externally bonded FRP plates. The concrete and reinforcing steel were modeled together by 8-
node 2D isoparametric plane stress RC elements. The glue (epoxy) is modeled as perfect 
compatibility by directly connecting the nodes of FRP with those of concrete since there is no 
failure at the glue layer. The key to the analysis is the correct material models of concrete, steel 
and FRP.  The RC element considered the effect of cracks and reinforcing steel as being smeared 
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over the entire element. Perfect compatibility between cracked concrete and reinforcing steel was 
considered. The FRP plate was modeled as a 2D elasto-brittle element. As the epoxy is usually 
much stronger than the concrete, it was assumed a full compatibility between FRP and concrete. 
The model was verified against the experimental data of load-deformation, load capacity and 
failure mode of the FRP strengthen beam.  
Wu. et al. [65] studied failure analysis of FRP sandwich bus panels by finite element 
method. The sandwich panel was modeled as separated layers with appropriate constrains 
imposed between them. These constrains guaranteed a smooth stress transfer from the skins to 
the core. The proposed FEM model was applied to simulate the failure behavior of a FRP 
sandwich panel that is used in bus body. The simulation results were compared with other 
numerical predictions and the experiment. It was concluded that this model is very efficient 
computationally for analyzing the failure issues of FRP sandwich structures. 
 
Elarbi [5] studied the effects of changing hygrothermal conditioning cycles on the 
durability performance of FRP strengthened concrete beams and columns. The study include the 
long term influence of moisture, high temperature (100 °C, 180 °C), and combined hygrothermal 
conditions on the mechanical properties of FRPs composites and the effect of deteriorated 
composites on the structural behavior of concrete beams and columns when subjected to realistic 
environmental conditions, the experimental work has already been explained in chapter 2. The 
overall approach was consisting of experiments, analysis, and numerical. He used finite element 
simulation by using ABAQUS-CAE software. He developed two and three-dimensional 
extended finite element method (X-FEM) and implemented in the ABAQUS-CAE package to 
predict the bond strength at the interface between concrete and FRP strengthening fabric.   
51 
 
 
 
The numerical results of flexural load was about 10% less than experimental results, which 
means the finite element model has been successful in prediction unstrengthened concrete beam 
failure load [5]. 
The maximum variation between the numerical and experimental results of compressive loads 
was only 14% for unstrengthened concrete column, which means the finite element model has 
been successful in prediction unstrengthened concrete column failure load. 
3.4 Extended Finite Element Modeling of FRP Strengthened Beams/Columns 
Mohammadi et al. [66] studied a numerical analysis method using the extended finite 
element method (XFEM) implemented in ABAQUS to model FRP intermediate crack debonding 
failure started at the tip of a flexural crack in a plain concrete beam specimen. The notched three-
point bending beam specimen, shown in Figure (3.16), used for standardization is similar to that 
used to determine the modulus of rupture of concrete (ASTM C78). To capture the FRP 
debonding behavior, the beam is notched at midspan to one half of the beam depth to model 
cracked concrete. Nine specimens are considered in their study, three repetitions of three 
specimen details presented in table (3.1). In the table, tFRP is the thickness of glass fiber FRP 
(GFRP) plate used. These specimens were used to validate the proposed methods in the analysis.  
XFEM technique has been used to investigate its ability to model this FRP/concrete interface 
debonding failure. The material properties of the substrate concrete, GFRP plate, and adhesive 
used in the FE analysis are presented in table (3.2).  
Figure (3.16) test specimen [67] 
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Table (3.1): Specimen details [66]  
Specimens h=b=L/3 (mm) w (mm) tFRP (mm) S (mm) 
G1-A, B and C 152 25 1.9 380 
G2-A, B and C 152 50 1.9 380 
G3-A, B and C 152 75 1.9 380 
 
Table (3.2): Material properties used in XFEM [67] 
Material Property Concrete GFRP Adhesive 
Young Modulus, E,(GPa) 26.1 41.37 1.2 
Compressive Strength, f’c, (MPa) 32 - - 
Tensile Strength, f’t, (MPa) 3.5 - - 
Poison Ratio,ν 0.25 0.2 0.3 
Fracture Energy, Gf, (N/m) 100 - - 
 
XFEM models a crack as an enriched feature by adding degrees of freedom in elements 
with special displacement functions and does not require the mesh to match the geometry of the 
discontinuities. It can be used to simulate initiation and propagation of a discrete crack by using 
fracture energy criterion along an arbitrary, solution-dependent path without the requirement of 
remeshing.  
Figure (3.17) shows the load vs. FRP strain curves (recorded immediately below the 
vertical notch) of experimental data from the concrete specimens test [67] and the numerical 
results from the analyses [66]). There are three identical specimens A, B, and C in each set – 
these indicate the variation typical of this test. It can be seen in Figure (3.17) that the XFEM 
53 
 
 
 
method is able to predict the trends of specimen behaviors and debonding failure. Generally, the 
numerical analysis has given stiffer results compared with experimental results; this is typical 
when modeling concrete structures [66]. 
From the experimental observations, the FRP debonding failure propagates through the 
concrete immediately adjacent to the FRP/concrete interface. This phenomenon can be seen in 
the numerical analysis too [66]. Figure (3.18) presents the crack initiation and debonding failure 
propagation obtained from numerical analysis for specimen G1. The debonding starts in the first 
element of the damaged band adjacent the concrete/FRP interface at the tip of notch (Figure 
(3.18)-a).The crack propagates toward the support (Figure (3.18)-b) [66]. 
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Figure (3.17): Experimental and numerical load vs. FRP strain curves [66] 
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Figure (3.18): (a) Crack initiation, (b) crack propagation [66] 
3.5 Advantages of XFEM over FEM 
The extended finite element method (XFEM) is a numerical method that enables a local 
enrichment of approximation spaces. The enrichment is realized through the partition of unity 
concept. The method is useful for the approximation of solutions with pronounced non-smooth 
characteristics in small parts of the computational domain, for example near discontinuities and 
singularities. In these cases, standard numerical methods such as the FEM or FVM often exhibit 
poor accuracy. The XFEM offers significant advantages by enabling optimal convergence rates 
for these applications [68]. 
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When using standard numerical methods (e.g FEM or FVM), for the approximation of 
non-smooth solutions, special care is required for the mesh construction. For example, the 
element edges must align with a discontinuity and a mesh refinement is needed near 
singularities. In contrast, the XFEM is able to achieve optimal convergence rates on structured 
meshes where arbitrary discontinuities and singularities are present in element interiors [68]. 
The FEM relies approximation properties of polynomials; hence they often require 
smooth solutions in order to obtain optimal accuracy. However, if the solution contains a non-
smooth behavior, like high gradients/singularities in stress and strain fields, strong 
discontinuities in the displacement field as in case of cracked bodies, then the FEM methodology 
becomes computationally expensive to get optimal convergence [69]. Engineering structures 
when subjected to high loading may result in stresses in the body exceeding the material strength 
and thus results in the progressive failure. These failures are often initiated by surface or near 
surface cracks. These cracks lower the strength of the material. These material failure processes 
manifest themselves in quasi-brittle materials such as rocks and concrete as fracture process 
zones, shear (localization) bands in ductile metals, or discrete crack discontinuities in brittle 
materials. This requires accurate modeling and careful analysis of the structure to assess the true 
strength of the body. In addition to that, modeling holes and inclusions, modeling faults and 
landslides presents another form of problems where the usual FEM becomes an expensive choice 
to get optimal convergence of the solution [69]. Modeling of cracks in structures and specially 
evolving cracks requires the FEM mesh to conform the geometry of the crack and hence needs to 
be updated each time as the crack grows. This is not only computationally costly and 
cumbersome but also results in loss of accuracy as the data is mapped from old mesh to the new 
mesh. Extended finite element (XFEM) is a numerical technique that enables the incorporation 
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of local enrichment of approximation spaces [69]. The incorporation of any function, typically 
non-polynomials, is realized through the notion of partition of unity. Due to this it is then 
possible to incorporate any kind of function to locally approximate the field. These functions 
may include any analytical solution of the problem or any a priori knowledge of the solution 
from the experimental test results [69]. The enriched basis is formed by the combination of the 
nodal shape functions associated with the mesh and the product of nodal shape functions with 
discontinuous functions. This construction allows modeling of geometries that are independent 
of the mesh. Additionally the enrichment is added only locally i.e. where the domain is required 
to be enriched. The resulting algebraic system of equations consists of two types of unknowns, 
i.e. classical degrees of freedom and enriched degrees of freedom. Furthermore, the 
incorporation of enrichment functions using the notion of partition of unity ensures the 
maintenance of a measure of the sparsity in the system of equations. All of the above features 
provide the method with distinct advantages over standard finite element [69]. 
A key advantage of XFEM is that in such problems the finite element mesh does not need 
to be updated to track the crack path.  For some problems, such an embedding of the problem's 
feature into the approximation space can significantly improve convergence rates and accuracy. 
Moreover, treating problems with discontinuities with Extended Finite Element Methods 
suppresses the need to mesh and remesh the discontinuity surfaces, thus alleviating the 
computational costs and projection errors associated with conventional finite element methods, at 
the cost of restricting the discontinuities to mesh edges [70]. 
The extended finite element method allows for an approximation of cracks in the FE 
environment without the need for the mesh to follow the crack as in conventional crack modeling 
techniques [71]. In this context, the crack is geometrically independent of the mesh. The 
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discontinuity in the elements that the crack represents is described through enrichment of the 
native FE displacement approximation functions [71]. The method enables both stationary cracks 
and propagating cracks, where additional enrichment functions can be added to include the 
singularity that arises at a crack tip in LEFM (Linear Elastic Fracture Mechanics) [72]. 
In XFEM, enrichment functions connected to additional degrees of freedom are added to 
the finite element approximation in the region where the crack is located in the mesh to include 
the discontinuities and singularities. These enrichment functions consist of the asymptotic crack 
tip functions that capture the singularity at the crack tip and discontinuous functions that 
represent the gap between the crack surfaces [71]. 
To explain how the discontinuous functions are added to the FE approximation, a simple 
two-dimensional crack is studied [53]. Consider the case of a crack in a mesh with four elements, 
where the crack is placed on the element boundary, seen in Figure (3.19). The finite element 
approximation for the mesh is                                     
                                                                                                                                (3.4) 
Where  is the shape function for node ɩ, u is the displacement vector at node  [71]. Define k 
and  as          
                
                                                                                                         (3.5) 
i.e. k  lie in between u9  and u10 and ɩ is half the distance between u9 and u10.  
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Figure (3.19): Mesh with a crack, a), and a mesh without a crack, b). The circled numbers 
are element numbers [71]  
Now, u9 and u10 can be expressed in terms of k and ɩ as 
                                                 u9 = k + ɩ,               u10 = k - ɩ                                                  (3.6) 
Adding these expressions into eq. (3.4) yields  
                                                               (3.7) 
Where the discontinuous sign/jump function H (x) is introduced as 
                                                                 H(x) =                                                    (3.8)                                                              
Now, N9 + N10 can be replaced by N11 and k by u11 and the finite element approximation can be 
expressed as 
                                                                                                                                                   (3.9) 
The first two parts on the right-hand side are the standard finite element approximation, 
and the third part is the additional discontinuous jump enrichment [71]. Equation (3.9) shows 
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that the finite element approximation of a crack in a mesh, as in Figure (3.19) a, may be 
interpreted as a mesh without a crack, as in Figure (3.19) b, and an additional discontinuous 
enrichment. The extension to a crack that is not placed on the element boundary can be described 
in a similar manner [71]. 
To be able to capture the singularity at the crack tip, discontinuous asymptotic crack tip 
functions are added to the nodes that surround the crack tip [53], as illustrated in Figure (3.20). If 
the tip does not end at an element boundary, the crack tip functions also describe the 
discontinuity over the crack surfaces in the element containing the crack tip. 
Thus, in total, there are two types of enrichments; the asymptotic crack tip functions to 
describe the crack tip and the jump function to describe the rest of the crack. The nodes are 
enriched with the jump function when their supports are fully intersected by a crack whereas the 
element nodes surrounding the crack tip are enriched with the crack tip functions. The circled 
nodes are enriched with the jump function and the squared ones are enriched with the crack tip 
functions, as shown in Figure (3.20) a [71]. 
 
Figure (3.20): a) An arbitrary crack in a mesh. b) Local coordinate axes for two crack tips [71] 
With the aid of Figure (3.20), the total formulation of XFEM can now be derived. Let all 
the nodes in the mesh be defined by the set s, the nodes surrounding the crack tip by the set  sc 
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and the nodes whose supports are cut by the crack (excluding the nodes in sc) be defined by sh. 
The finite element approximation now reads [71]. 
                                                                                                (3.10) 
Where uɪ is the nodal displacement vector, the aɪ nodal enriched degree of freedom vector that 
with the jump function H(χ) represent the gap between the crack surfaces and bɩɪ the nodal 
enriched degree of freedom vector that with the crack tip functions 𝛙i(χ) represent the crack tip 
singularity. The jump function for a general crack is defined as [72]. 
   H(χ) =  
       (3.11) 
Where χ 
*
 is the point on the crack closest to χ and n is the outward normal vector at χ *.  
The crack tip enrichment functions for an isotropic elastic material are [72]. 
                                          (3.12) 
Where (r, α) are the local polar coordinates at the crack tip and     -π ≤α ≤ π.          
The term √ r sin (α /2) describes the discontinuity over the crack surfaces in sC1:  
                                                              (3.13) 
Where α is 0 rad in the direction of the crack tip and α = π at the upper crack surface and α = -π 
at the lower crack surface. For an arbitrary crack with two crack tips, the approximation is  
                                                               (3.14)                                                                                                                                                                                                     
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Where the set of nodes sc1 is for the first crack tip and sc2 is for the second crack tip. The 
functions 𝛙i
1 
(χ)
 
and 𝛙i
2 
(χ)
 
(are the same but with polar coordinates an (r1, α1) and (r2, α2) 
respectively. 
The failure mechanism including the degradation and the eventual separation between the 
two surfaces consists of two components: a damage initiation criterion and a damage evolution 
law [66]. For example, a bilinear traction separation law is assumed to model the bond behavior 
of the interface. As shown in Figure (3.21) in the bilinear law, the initial response is the 
ascending linear branch, and the damage follows the descending linear branch once the damage 
criterion is met. A scalar damage variable, D, represents the overall damage at the contact point 
which has an initial value of 0. When the damage evolution is started, D monotonically evolves 
from 0 to 1 upon continued loading after the initiation of damage [73]. According to Figure 
(3.21), the contact tractions are affected by the damage as follows:    
                  t= (1-D) k0 δ                                                                (3.15) 
The damage initiates when the contact stresses and/or contact separations satisfy the 
damage initiation criterion. For example an elliptic form, Equation. (3.16), is considered as the 
damage initiation criterion [66]: 
                                                                                                                                                 (3.16) 
where n , and  𝛕S are the normal and shear bond strengths of the interface, respectively; and  
and 𝛕 are the normal and shear stresses of the element under mixed-mode loading, respectively. 
The damage evolution law describes the rate at which the cohesive stiffness is degraded after the 
initiation criterion has been reached. The relationship between the critical strain energy release 
rate components GIC and GIIC is linear. Therefore, a linear fracture criterion for mixed-mode 
loading has been used [66]: 
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                                                                                                                         (3.17) 
Where GI; and GII are the strain energy release rate components of Mode I and II, respectively; 
and GIC and GIIC are the critical strain energy release rates in pure Mode I and Mode II loadings, 
respectively.  
 
Figure (3.21): bilinear traction separation law [66] 
Figure (3.22) is a schematic representation of the dependence of damage initiation and 
evolution on the mixed-mode for a traction-separation response. The figure shows the traction on 
the vertical axis and the magnitudes of the normal and shear separations along the two horizontal 
axes [66]. The unshaded triangles in the vertical coordinate planes represent the responses under 
the pure normal and shear separations (i.e. Figure (3.21)), respectively. The shaded vertical 
planes A and B represent the damage responses in Mode I and Mode II under mixed-mode 
conditions, respectively. The shaded triangle C shows the bond behavior of the interface under 
mixed-mode loading [66]. 
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Figure (3.22): Mixed-mode response in cohesive interactions [73] 
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CHAPTER 4 MODELING OF FRP BONDED BEAMS AT DIFFERENT 
TEMPERATURES 
 
4.1 Finite Element Simulation by Using ABAQUS - CAE Software 
The ABAQUS Finite Element Software has strong capabilities for solving specifically, 
nonlinear problems and was developed by Hibbitt, Karlsson & Sorenson, Inc [74]. The solution 
of general problem by ABAQUS involves three stages: ABAQUS Preprocessor, ABAQUS 
Solver, and ABAQUS Postprocessor. ABAQUS/CAE or another suitable preprocessor provides 
a compatible input file to ABAQUS. ABAQUS/Standard or ABAQUS/Explicit can be used as 
ABAQUS/Solver to solve the problem. ABAQUS/Standard based on implicit algorithm, is good 
for static, strongly nonlinear problems [74]. ABAQUS/Explicit, based on explicit algorithm, is 
intended for dynamic problems. Both ABAQUS/Standard and ABAQUS/Explicit can be 
executed under ABAQUS/CAE. The ABAQUS/CAE or another suitable postprocessor can be 
used for displaying the output (results) of the problem [74]. 
ABAQUS/CAE provides a complete ABAQUS environment that provides a simple, 
consistent interface for creating, submitting, monitoring, and evaluating results from 
ABAQUS/Standard and ABAQUS/Explicit simulations. ABAQUS/CAE is divided into 
modules, where each module defines a logical aspect of the modeling process; for example, 
defining the geometry, defining the material properties, and generating a mesh [74]. As we move 
from one module to another module, we build the model from which ABAQUS/CAE generates 
an input file that we can submit to the ABAQUS/Standard or ABAQUS/Explicit for carrying out 
the analysis [74]. After completing the analysis, the unit (ABAQUS/Standard or 
ABAQS/Explicit) sends the information to ABAQUS/CAE to allow us to monitor the progress 
of the job, and generates an output database.  At a minimum the analysis model consists of the 
following information [5]: 
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• Discretized geometry. 
• Element section properties. 
• Material data. 
• Loads and boundary conditions. 
• Analysis type. 
• Output requests 
Use the visualization module of ABAQUS/CAE (also licensed separately as 
ABAQUD/Viewer) to read the output database and view the results of analysis. The 
ABAQUS/Viewer provides graphical displays of ABAQUS finite element models and results. It 
obtains the model and results information from the output database. We can control the output 
information displayed. For example, we can obtain plots such as undeformed shape, deformed 
shape, contours, x-y data, and time history animation from ABAQUS/Viewer [74]. 
In this work, ABAQUS/CAE 6.13-1 was used to simulate several test results from 
previous works [5]. One of the major advantages of this software is the flexibility of 
implementing, revising, analyzing the model, and producing results. 
4.2   FRP Strengthened Concrete Beams at Room Temperature (RT) 
The dimensions of the beam molds were 16″, 4.3″, 4.1″  (0.406 m, 0.109 m, 0.104 m) 
(length, width, and height) respectively. 3D nonlinear extended finite-element (X-FE) model was 
developed to study the behavior of FRP strengthened concrete beams, and “Maxps Damage’’ 
was chosen as the type of damage. The model consisted of two parts, the first part represented 
the concrete beam and the second one was the FRP sheet. Two types of material properties were 
input to the ABAQUS-CAE; concrete (first part), the section type was selected “deformable”, 
“Shape=Solid”, type=“Extrusion”. The element has been considered as an elastic-isotropic 
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material, and the section was chosen as Solid//Homogenous. The Poisson’s ratio was assumed to 
be 0.18; and concrete density equal 0.0867 lb/in
3
. The average compressive strength of 
experimental test results was 5502 psi after 28 days, Max. Principal Stress = 355psi was used, 
and the modulus of elasticity of concrete was 4.23x10
6
 psi. The failure of concrete is relatively 
complicated as there is more than one mode of failure. Therefore, it is necessary to define both 
the compressive behavior and the tensile behavior of concrete material. Under “Concrete 
Damaged Plasticity”, there are three tabs; Plasticity, Compressive behavior, Tensile behavior. 
Under Plasticity, the default parameters were Dilation Angle = 35, Eccentricity = 0.1, fbo/fco 
=1.16, k=0.67, and Viscosity parameter = 0. Some of these parameters are related to the method 
of analysis; others are related to the behavior of the concrete material itself. However, the default 
values should be OK to use regardless of the concrete strength [75]. 
In both tensile and compressive behaviors, it is still required to define the relationship between 
the stress and only the plastic strain.  
                                                        
      
              
 
For FRP, elastic isotropic behavior up to failure was assumed. Poisson’s ratio was 
assumed to be 0.3. The section was solid and Homogeneous. The mechanical properties of FRP 
(second part) were provided by the manufacture (see table (4.1)). 
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Table (4.1): SikaWrap Hex 113C carbon fiber fabric and Sika 
Wrap Hex 100G E-glass fiber fabric properties [5]
 
The element size =0.6 in for concrete and 0.3 in for FRP, the element type was selected 
as “3D Stress”, the mesh controls selected Hex, while the mesh technique has been considered as 
structured, Figure (4.1). 
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Figure (4.1): Mesh of concrete beam and FRP strengthening sheet 
To connect the two parts, the type of constraint that has been used was surface-to-surface 
contact. The concrete beam was designated as the master surface and the FRP was the slave 
surface (see Figure (4.2)). Contact bonding is enabled in the cohesive behavior option of the 
contact interaction property, see table (4.2) for adhesive properties. 
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Figure (4.2): Contact surface-to-surface between concrete beam and FRP strengthening sheet 
Table (4.2): Adhesive Properties 
E   Young’s Modulus of adhesive 2.5*106psi                         [5]  
G     Shear Modulus of adhesive 0.665 Gps  (96450.1 psi) [61]  
t       Thickness of adhesive 0.004 in              (0.1mm) estimated 
Stiffness Coefficients 
Knn = E/t = 6.25E+008 
Kss = G/t = 2.411E+007 
Ktt = G/t = 2.411E+007 
 
Cohesive Strength 870.23 psi                         [76]  
Shear Strength   2.84 Mpa          (406.11 psi) 
𝛕max = 1.46 Ga 
0.165
 fct 
1.033
  [61] 
= 1.46*0.665 
0.165
 *2.03 
1.033
 
fct is concrete tensile trength 
= 0.33 fc’=2.03 Mpa 
G        Fracture Energy  5.14 lb/in               (assumed) 
= (12 P
2
 a
2
) / (E h
3
 B
3
)          [77] 
Where P is maximum 
experimental load, a corresponds 
to the precrack length, h is the 
height of the sample, and B is the 
width of the samples.  
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Fracture criterion (Type VCCT) property of crack for CFRP was used. Table (4.3) shows 
critical energy release rate. 
Table (4.3): Critical energy release rate [78]  
GIc GIIc GIIIc Exponent 
1.7 lb/in 3.43 lb/in 3.43 lb/in 1 
 For flexural strength concrete using simple beam with center-point loading, whereas the 
effective span length was three times of the beam depth and the distance from the center of the 
support to the beam edge was 2″ (0.05 m) each side. The load was applied as a static pressure 
load and the type of boundary conditions has been selected “displacement/rotation”. One support 
was considered as a pin and the other a roller, see Figure (4.3)). 
 
Figure (4.3): Load and boundary conditions of FRP strengthened concrete beam 
model   
By running the ABQUS-CAE software, the load started to increase by steps and the 
section began to deform until failure. Figure (4.4) shows the crack of concrete and FRP rupture. 
Figure (4.5) shows FRP delamination of strengthened concrete beam at RT. 
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                                                                          Crack propagation 
Crack in (Concrete +FRP) 
 
                                   Crack in Concrete 
 
                                     Rupture in FRP 
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PHILSM: Signed distance function to describe the crack surface. 
Figure (4.4): Crack of Concrete and FRP rupture of strengthened concrete beam at RT 
 
CSDMG : Scalar stiffness degradation for cohesive surfaces at nodes. 
Figure (4.5): FRP delamination of strengthened concrete beam at RT  
The concrete crack began at the lowest point of the concrete almost at the center and 
propagated upward, and then the FRP ruptured. The way of FRP rupture in the simulation was 
similar to the mode that was observed during the experimental tests, and the delamination 
occurred. The failure load was equal to 5512.6 lbs.  
4.2.1 Stages of Maximum Principal Stress (psi) of FRP strengthened concrete beam at RT 
4.2.1.1 Concrete Crack: 
 Stage 1 (first crack)  
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Figure (4.6): Maximum Principal Stress of Concrete (psi) and the first crack (stage 1) of 
concrete when the external load reached 40.75% of the peak load  
 
Figure (4.7): Maximum Principal Stress of CFRP (psi) when the external load reached 40.75% 
of the peak load 
 
Figure (4.8): No FRP delamination when the external load reached 40.75% of the peak load 
Crack 
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From figure (4.6), (4.7) and (4.8) noted when the external load reached 40.75% of the 
peak load, the first concrete crack started (stage 1), and the crack height is 0.58 in. The 
maximum principal stress of concrete reached the input Max. Principal stress of concrete (408 
psi) at crack. In this case no delamination occurred, and the maximum principal stress of CFRP 
was 642.8 psi. 
 Stage 2  
 
Figure (4.9): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 2) when the external load reached 53.25% of the peak load  
 
Figure (4.10): Maximum Principal Stress of CFRP (psi) when the external load reached 
53.25% of the peak load 
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Figure (4.11): No FRP delamination when the external load reached 53.25% of the peak 
load 
From figure (4.9), (4.10) and (4.11) noted when the external load reached 53.25% of the 
peak load, and extend the first crack of concrete (stage 2), the crack height is 1.16 in, and the 
maximum principal stress of concrete reached to 523.7 psi. In this case no delamination 
occurred, and the maximum principal stress of CFRP increased to 466 psi. 
 Stage 3 
 
Figure (4.12): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 3) when the external load reached 65.95% of the peak load  
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Figure (4.13): Maximum Principal Stress of CFRP (psi) when the external load reached 
65.95% of the peak load 
 
Figure (4.14): No FRP delamination when the external load reached 65.95% of the peak 
load 
From figure (4.12), (4.13) and (4.14) noted when the external load reached 65.95% of the 
peak load, and extend the first crack of concrete (stage 3), the crack height is 1.74 in, and the 
maximum principal stress of concrete reached to 580.2 psi. In this case no delamination 
occurred, and the maximum principal stress of CFRP increased to 3342 psi. 
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 Stage 4  
 
Figure (4.15): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 4) when the external load reached 78.03% of the peak load 
 
Figure (4.16): Maximum Principal Stress of CFRP (psi) when the external load reached 
78.03% of the peak load 
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Figure (4.17): No FRP delamination when the external load reached 78.03% of the peak 
load 
From figure (4.15), (4.16) and (4.17) noted when the external load reached 78.03% of the 
peak load, and extend the first crack of concrete (stage 4), the crack height is 2.32 in, and the 
maximum principal stress of concrete reached to 635.8 psi. In this case no delamination 
occurred, and the maximum principal stress of CFRP increased to 6860 psi. 
 Stage 5  
 
Figure (4.18): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 5) when the external load reached 91.77% of the peak load  
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Figure (4.19): Maximum Principal Stress of CFRP (psi) when the external load reached 
91.77% of the peak load 
 
Figure (4.20): No FRP delamination when the external load reached 91.77% of the peak 
load 
From figure (4.18), (4.19) and (4.20) noted when the external load reached 91.77% of the 
peak load, and extend the first crack of concrete (stage 5), the crack height is almost 2.55 in, and 
the maximum principal stress of concrete reached to 714 psi. In this case no delamination 
occurred, and the maximum principal stress of CFRP increased to 14140 psi. 
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 Stage 6 
 
Figure (4.21): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 6) when the external load reached 95.03% of the peak load 
 
Figure (4.22): Maximum Principal Stress of CFRP (psi) when the external load reached 
95.03% of the peak load 
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Figure (4.23): No FRP delamination when the external load reached 95.03% of the peak 
load 
From figure (4.21), (4.22) and (4.23) noted when the external load reached 95.03% of the 
peak load, and extend the first crack of concrete (stage 6), the crack height is almost 3 in, and the 
maximum principal stress of concrete reached to 754.6 psi. In this case no delamination 
occurred, and the maximum principal stress of CFRP increased to 15950 psi. 
4.2.1.2 CFRP Delamination and Stage 7  
 
Figure (4.24): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 7) when the external load reached 95.07% of the peak load 
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Figure (4.25): Maximum Principal Stress of CFRP (psi) when the external load reached 
95.07% of the peak load 
 
Figure (4.26): FRP delamination started when the external load reached 95.07% of the 
peak load 
From figure (4.24), (4.25) and (4.26) noted when the external load reached 95.07% of the 
peak load, and extend the first crack of concrete (stage 7), the crack height is almost 3.5 in, and 
the delamination started, and the maximum principal stress of concrete increased to 3300 psi, the 
maximum principal stress of CFRP increased to 24100 psi. 
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4.2.1.3 CFRP Rupture: 
 
Figure (4.27): Maximum Principal Stress of Concrete (psi) when the external load reached 
99.637% of the peak load 
 
Figure (4.28): Maximum Principal Stress of CFRP (psi), the first rupture of CFRP started 
when the external load reached 99.637% of the peak load  
Rupture 
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Figure (4.29): FRP delamination when the external load reached 99.637% of the peak load  
From figure (4.27), (4.28) and (4.29) noted when the external load reached 99.637% of 
the peak load, the first rupture of CFRP started, the Max. Principal stress of CFRP reached the 
input (66000 psi) at rupture. The maximum principal stress of concrete increased to 138700 psi, 
and the delamination occurred. 
 
Figure (4.30): Maximum Principal Stress of Concrete (psi) when the external load reached 
99.639% of the peak load  
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Figure (4.31): Maximum Principal Stress of CFRP (psi) when the external load reached 
99.639% of the peak load  
 
Figure (4.32): FRP delamination when the external load reached 99.639% of the peak load 
From figure (4.30), (4.31) and (4.32) noted when the external load reached 99.639% of 
the peak load, the Max. Principal stress of CFRP decreased to (61900 psi) after rupture. The 
maximum principal stress of concrete was 138700 psi, and the delamination occurred. 
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Figure (4.33): Maximum Principal Stress of Concrete (psi) when the external load reached 
99.64% of the peak load 
 
 Figure (4.34): Maximum Principal Stress of CFRP (psi) when the external load reached 
99.64% of the peak load 
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Figure (4.35): FRP delamination when the external load reached 99.64% of the peak load 
From figure (4.33), (4.34) and (4.35) noted when the external load reached 99.64% of the 
peak load, the Max. Principal stress of CFRP decreased to (58490 psi) after rupture. The 
maximum principal stress of concrete was 138700 psi, and the delamination occurred. 
 
Figure (4.36): Maximum Principal Stress in Concrete (psi) of the peak load 
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Figure (4.37): Maximum Principal Stress in CFRP (psi) of the peak load 
 
Figure (4.38): FRP delamination of the peak load 
From figure (4.36), (4.37) and (4.38) noted at the peak load, the Max. Principal stress of 
CFRP reached the input (66000 psi) at rupture, and then gradually decreases after rupture until 
(39880 psi) at the peak load, and the delamination occurred.  
The maximum principal stress of concrete reached the input (408 psi) at crack, and then 
gradually increased until 141500 psi at the peak load. Because after the onset of the crack in 
concrete, stress at the crack tip intends to go infinite and this is known as stress singularity at the 
crack tip. Therefore, in our simulations we predict larger max principal stress values than input. 
And after the crack initiation, while the crack in concrete intends to propagate, FRP sheet tries to 
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prevent crack propagation and resistance of the FRP on crack propagation in concrete can lead to 
extremely large max principle stress values.  
The mid-span deflection at maximum load was 0.08372″ (the term U2 in the legend 
represents the vertical displacement “mid-span deflection”, see figure (4.39)).   
 
Figure (4.39): Maximum displacement of FRP strengthened concrete beam at RT 
When compared the simulated and experimental flexural load and mid-span deflection of 
FRP strengthened concrete beams at RT, The experimental results of flexural load was about 
27% less than the numerical results, which means the finite element model has been successful in 
prediction FRP strengthened concrete beam failure load. A comparison between the experimental 
test and the numerical simulation of the deflection results/flexural load at RT is shown in table 
(4.4) and plotted in Figure (4.40). 
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Table (4.4): Comparison between the experimental and numerical deflection results of the 
flexural load for FRP strengthened concrete beams at RT 
Flexural load (Ibs) Deflection (in)  Experimental Deflection (in) Numerical 
0 0 0 
500 0.0025 0.0002180 
1000 0.0075 0.0004359 
1500 0.0123 0.0006539 
2000 0.015 0.0008719 
2500 0.018 0.001095 
3000 0.02 0.001361 
3500 0.0225 0.001637 
4000 0.025 0.002047 
4335 0.0275 0.002418 
5000  0.003212 
5512.6  0.08372 
 
 
Figure (4.40): Numerical and experimental Deflection results / Flexural load of FRP 
strengthened concrete beams and the stages of concrete crack at RT 
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For the experimental data, note that they were measured from the movement of the 
crosshead of the machine, not directly from the beam sample. As discussed above in the 
numerical simulations, the delamination and final rupture of the FRP occurred near the peak 
load.  Hence the final stage of the failure was very unstable and it was very difficult to record 
experimentally the failure. 
4.3   FRP Strengthened Concrete Beams at High Temperature 
4.3.1   FRP Strengthened Concrete Beams at 100
o
 C 
The same procedures that were performed to model FRP strengthened concrete beams at 
RT have been followed here to obtain the numerical results of strengthened concrete beams at 
100
o
 C. The modulus of elasticity of concrete at 100
o
C was lower than the modulus of elasticity 
at RT based on the experimental data, see table (4.5). Table (4.6) shows concrete properties at 
100
o 
C. 
Table (4.5): Elastic properties for concrete (temperature dependent) [79] 
Young’s modulus 
 
Poisson’s Ratio 
Temperature 
 
3.49E+10 0.2 20 
3.14E+10 0.2 200 
2.79E+10 0.2 400 
1.05E+10 0.2 600 
5.58E+09 0.2 800 
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Table (4.6): Concrete Properties at 100
o
 C 
E100
o
 C        Young’s Modulus of concrete  4062000 psi         Table (4.5) 
No change in compressive strength (fc’)                                   
[80,81,82] 
5502 psi 
No change in Max. Principal Stress 
                                                [80,81,82] 
355psi 
 
 
For contact property cohesive behavior was used, see table (4.7) adhesive properties at 100
o
 C. 
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Table (4.7): adhesive properties at 100
o
 C  
E100    Young’s Modulus of adhesive 2.075*10
6
  psi    [5]  
G100    Shear Modulus of adhesive 61728.05 psi     [83]  
t  Thickness of adhesive 0.004 in       (0.1mm) estimated 
Stiffness Coefficients 
Knn = E/t =5.187E+008 
Kss = G/t =1.5432E+007 
Ktt = G/t = 1.5432E+007 
 
Cohesive Strength 174.04 psi         [76]  
Shear Strength 382.89 psi 
𝛕max = 1.46 Ga 
0.165 
fct  
1.033
 [61] 
= 1.46*0.4256 
0.165
 *2.03 
1.033
 
= 2.64 Mpa   (382.89 psi ) 
Fracture Energy (G) 3.96 lb/in.      (assumed) 
= (12 P
2
 a
2
)/(E h
3
 B
3
)        [77] 
Where P is maximum 
experimental load 100
o
 C, a is 
correspond to the precrack 
length 100
o
 C, h is the height 
of the samples, and B is the 
width of the sample. 
 
 Fracture criterion (Type VCCT) property of crack for CFRP was used. Table (4.8) shows 
critical energy release rate. 
Table (4.8): Critical energy release rate [78] 
GIc GIIc GIIIc Exponent 
1.7 lb/in 3.43 lb/in 3.43 lb/in 1 
 
95 
 
 
 
By running the ABQUS-CAE software, the load started to increase by steps and the 
section began to deform until failure. Figure (4.41) shows the crack of concrete. Figure (4.42) 
shows the FRP delamination of strengthened concrete beam at 100
o
 C. 
 
                                                               Crack propagation  
 
PHILSM: Signed distance function to describe the crack surface 
Figure (4.41): Crack of Concrete at 100
o
 C 
 
CSDMG : Scalar stiffness degradation for cohesive surfaces at nodes. 
Figure (4.42): FRP delamination of strengthened concrete beam at 100
o
 C 
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The concrete crack began at the lowest point of the concrete almost at the center and 
propagated upward, and the delamination occurred.  The failure load was equal to 5461 lbs.  
4.3.1.1 Stages of Maximum Principal Stress (psi), and FRP delamination of strengthened 
concrete beam at 100
o
 C   
4.3.1.1.1 Concrete Crack: 
 Stage 1(first crack) 
 
 
Figure (4.43): Maximum Principal Stress of Concrete (psi) and the first concrete crack 
started (stage 1) when the external load reached 40.75 % of the peak load 
 
 
Figure (4.44): Maximum Principal Stress of CFRP (psi) when the external load reached 
40.75% of the peak load 
Crack 
97 
 
 
 
 
Figure (4.45): No FRP delamination when the external load reached 40.75% of the peak 
load 
From figure (4.43), (4.44) and (4.45) noted when the external load reached 40.75% of the 
peak load, the first concrete crack started (stage 1), and the maximum principal stress of concrete 
reached the input Max. Principal stress of concrete (403.7 psi) at crack. In this case no 
delamination, and the maximum principal stress of CFRP was 662.6 psi. 
 Stage 2 
 
Figure (4.46): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 2) when the external load reached 41.85% of the peak load 
98 
 
 
 
 
Figure (4.47): Maximum Principal Stress of CFRP (psi) when the external load reached 
41.85% of the peak load 
 
Figure (4.48): No FRP delamination when the external load reached 41.85% of the peak 
load 
From figure (4.46), (4.47) and (4.48) noted when the external load reached 41.85% of the 
peak load, and extend the first crack of concrete (stage 2), the crack height is 0.58 in, and the 
maximum principal stress of concrete reached to 442.1 psi. In this case no delamination, and the 
maximum principal stress of CFRP increased to 688.6 psi. 
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 Stage 3 
 
Figure (4.49): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 3) when the external load reached 53.46% of the peak load 
 
Figure (4.50): Maximum Principal Stress of CFRP (psi) when the external load reached 
53.46% of the peak load 
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Figure (4.51): No FRP delamination when the external load reached 53.46% of the peak 
load 
From figure (4.49), (4.50) and (4.51) noted when the external load reached 53.46% of the 
peak load, and extend the first crack of concrete (stage 3), the crack height is 1.16 in, and the 
maximum principal stress of concrete reached to 525 psi. In this case no delamination, and the 
maximum principal stress of CFRP increased to 1512 psi. 
 Stage 4 
 
Figure (4.52): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 4) when the external load reached 66.58% of the peak load 
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Figure (4.53): Maximum Principal Stress of CFRP (psi) when the external load reached 
66.58% of the peak load 
 
Figure (4.54): No FRP delamination when the external load reached 66.58% of the peak 
load 
From figure (4.52), (4.53) and (4.54) noted when the external load reached 66.58% of the 
peak load, and extend the first crack of concrete (stage 4), and the crack height is 1.74 in. The 
maximum principal stress of concrete reached to 580.5 psi. In this case no delamination, and the 
maximum principal stress of CFRP increased to 3469 psi. 
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 Stage 5 
 
Figure (4.55): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 5) when the external load reached 78.62% of the peak load 
 
Figure (4.56): Maximum Principal Stress of CFRP (psi) when the external load reached 
78.62% of the peak load 
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Figure (4.57): No FRP delamination when the external load reached 78.62% of the peak 
load 
From figure (4.55), (4.56) and (4.57) noted when the external load reached 78.62% of the 
peak load, and extend the first crack of concrete (stage 5), the crack height is 2.32 in, and the 
maximum principal stress of concrete reached to 635.4 psi. In this case no delamination, and the 
maximum principal stress of CFRP increased to 7046 psi. 
 Stage 6 
 
Figure (4.58): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 6) when the external load reached 92.96% of the peak load 
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Figure (4.59): Maximum Principal Stress of CFRP (psi) when the external load reached 
92.96% of the peak load 
 
Figure (4.60): No FRP delamination when the external load reached 92.96% of the peak 
load 
From figure (4.58), (4.59) and (4.60) noted when the external load reached 92.96% of the 
peak load, and extend the first crack of concrete (stage 6), the crack height is almost 2.5 in, and 
the maximum principal stress of concrete reached to 715.2 psi. In this case no delamination, and 
the maximum principal stress of CFRP increased to 14710 psi. 
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 Stage 7 
 
Figure (4.61): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 7) when the external load reached 95.69% of the peak load 
 
Figure (4.62): Maximum Principal Stress of CFRP (psi) when the external load reached 
95.69% of the peak load 
 
Figure (4.63): No FRP delamination when the external load reached 95.69% of the peak load 
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From figure (4.61), (4.62) and (4.63) noted when the external load reached 95.69% of the 
peak load, and extend the first crack of concrete (stage 7), the crack height is almost 2.9 in, and 
the maximum principal stress of concrete reached to 768.5 psi. In this case no delamination, and 
the maximum principal stress of CFRP increased to 16160 psi. 
4.3.1.1.2 CFRP Delamination   
 
Figure (4.64): Maximum Principal Stress of Concrete (psi) when the external load reached 
95.7275% of the peak load 
 
Figure (4.65): Maximum Principal Stress of CFRP (psi) when the external load reached 
95.7275% of the peak load 
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Figure (4.66): FRP delamination started when the external load reached 95.7275% of the 
peak load 
From figure (4.64), (4.65) and (4.66) noted when the external load reached 95.7275% of 
the peak load, the first delamination started, and the maximum principal stress of concrete was 
2999 psi, the maximum principal stress of CFRP increased to 23150 psi. 
 Stage 8 
 
Figure (4.67): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 8) when the external load reached 96.10% of the peak load 
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Figure (4.68): Maximum Principal Stress of CFRP (psi) when the external load reached 
96.10% of the peak load 
 
Figure (4.69): FRP delamination when the external load reached 96.10% of the peak load 
From figure (4.67), (4.68) and (4.69) noted when the external load reached 96.10% of the 
peak load, and extend the first crack of concrete (stage 8), the crack height is almost 3.5 in. The 
maximum principal stress of concrete reached to 65110 psi, and the delamination occurred. The 
maximum principal stress of CFRP increased to 34640 psi. 
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Figure (4.70): Maximum Principal Stress of Concrete (psi) of the peak load 
 
Figure (4.71): Maximum Principal Stress of CFRP (psi) of the peak load 
 
Figure (4.72): FRP delamination of the peak load 
From figure (4.70), (4.71) and (4.72) noted at the peak load, the Max. Principal Stress of 
CFRP gradually increases until arrive 62230 psi of the peak load, and the delamination occurred.  
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The Max. Principal stress of concrete reached the input Max. Principal stress of concrete 
(442 psi) at crack, then gradually increase until the peak load. Because after the onset of the 
crack in concrete, stress at the crack tip intends to go infinite and this is known as stress 
singularity at the crack tip. Therefore, in our simulations we predict larger max principal stress 
values than input. And after the crack initiation, while the crack in concrete intends to propagate, 
FRP sheet tries to prevent crack propagation and resistance of the FRP on crack propagation in 
concrete can lead to extremely large max principle stress values.  
The mid-span deflection at maximum load was 0.05719″ (the term U2 in the legend 
represents the vertical displacement “mid-span deflection”, see figure (4.73)).  
 
  
 
Figure (4.73): Maximum displacement of FRP strengthened concrete beam at 100
o
C 
 
When compared the simulated and experimental flexural load and mid-span deflection of 
FRP strengthened concrete beams at 100
o 
C, the experimental results of flexural load was about 
6% less than the numerical results, which means the finite element model has been successful in 
prediction FRP strengthened concrete beam failure load. A comparison between the experimental 
test and the numerical of the deflection results/flexural load at 100
o
 C is shown in table (4.9) and 
plotted in Figure (4.74). 
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Table (4.9): Comparison between the experimental and numerical deflection results of the 
flexural load for FRP strengthened concrete beams at 100
o
 C 
Flexural load (Ibs) Deflection (in)  Experimental Deflection (in) Numerical 
0 0 0 
500 0.005 0.0002269 
1000 0.01 0.0004538 
1500 0.01375 0.0006808 
2000 0.01875 0.0009077 
2500 0.0225 0.001140 
3000 0.02625 0.001416 
3500 0.02875 0.001704 
4000 0.0325 0.002131 
0044 0.035 0.002705 
0145 0.0375 0.003600 
5461  0.05719 
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Figure (4.74): Numerical and experimental Deflection results / Flexural load of FRP 
strengthened concrete beams and the stages of concert crack at 100
o 
C 
 
Table (4.10): Comparison of numerical failure load for FRP strengthened concrete beams 
at RT and 100
o
 C 
Temp 
o
C P (Num.) lbs 
RT 5512.6 
100
o
 C 5461 
 
The maximum flexural load of 100
o
C decreased about 1% for the maximum flexural load of RT.  
 
4.3.2   FRP Strengthened Concrete Beams at 180
o
 C 
The same procedures that were performed to model FRP strengthened concrete beams at 
100
o
 C have been followed here to obtain the numerical results of strengthened concrete beams 
at 180
o
 C. Table (4.11) shows concrete properties at 180
o
 C. 
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Table (4.11): Concrete Properties at 180
o
 C 
E180
o
 C        Young’s Modulus of concrete  3873000 psi         Table (4.5) 
No change in compressive strength (fc’)                                   
[80,81,82] 
5502 psi 
No change in Max. Principal Stress 
  
[80,81,82] 
355psi 
 
 
For contact property cohesive behavior was used, Table (4.12) shows adhesive properties at  
180
o
 C. 
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Table (4.12): Adhesive Properties at 180
o
 C 
E180    Young’s Modulus of adhesive 1.425* 10 6 psi        [5]  
G180    Shear Modulus of adhesive 31828.52 psi           [83]  
t  Thickness of adhesive 0.004 in    (0.1mm) estimated 
Stiffness Coefficients 
Knn =  E/t =3.563E+008 
Kss = G/t =7.95713E+006 
Ktt = G/t = 7.95713E+006 
 
Cohesive Strength 116.03 psi               [76]  
Shear Strength 342.29 psi 
𝛕max = 1.46 Ga 
0.165 
fct  
1.033
      [61] 
= 1.46*0.21945 
0.165
 *2.03 
1.033
 
= 2.36 Mpa  (342.29 psi) 
Fracture Energy (G) 3.5 lb/in        (assumed) 
= (12 P
2
 a
2
) / (E h
3
 B
3
)           [77] 
Where P is maximum 
experimental load 180
o
 C, a is 
correspond to the precrack length 
180
o
 C, h is the height of the 
samples, and B is the width of 
the sample. 
 
Fracture criterion (Type VCCT) property of crack for CFRP was used. Table (4.13) 
shows critical energy release rate. 
Table (4.13): Critical energy release rate [78] 
GIc GIIc GIIIc Exponent 
1.7 lb/in 3.43 lb/in 3.43 lb/in 1 
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By running the ABQUS-CAE software, the load started to increase by steps and the 
section began to deform until failure. The failure load was equal to 5375 lbs. Figure (4.75) shows 
the crack of concrete at 180
o
 C.  Figure (4.76) shows the FRP delamination of strengthened 
concrete beam at 180
o
 C. The way of FRP delamination in the simulation was similar to the 
mode that was observed during the experimental tests.  
                                                                                                                
                                                                                    Crack Propagation 
 
PHILSM: Signed distance function to describe the crack surface 
Figure (4.75): Crack propagation of concrete at 180
o
 C 
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CSDMG : Scalar stiffness degradation for cohesive surfaces at nodes. 
Figure (4.76): FRP delamination of strengthened concrete beam at 180
o
 C 
 
4.3.2.1   Stages of Maximum Principal Stress (psi), and FRP delamination of strengthened 
concrete beam at 180
o
 C 
4.3.2.1.1 Concrete Crack: 
 Stage 1 (first crack) 
 
 
Figure (4.77): Maximum Principal Stress of Concrete (psi) and the first concrete crack 
started (stage 1) when the external load reached 41.88% of the peak load 
Crack 
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Figure (4.78): Maximum Principal Stress of CFRP (psi) when the external load reached 
41.88% of the peak load 
 
Figure (4.79): No FRP delamination when the external load reached 41.88% of the peak 
load 
From figure (4.77), (4.78) and (4.79) noted when the external load reached 41.88% of the 
peak load, the first concrete crack started (stage 1), and the crack height is 0.58 in. The 
maximum principal stress of concrete reached the input Max. Principal stress of concrete (408 
psi) at crack. In this case no delamination, and the maximum principal stress of CFRP was 702 
psi. 
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 Stage 2 
 
Figure (4.80): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 2) when the external load reached 54.69% of the peak load 
 
 Figure (4.81): Maximum Principal Stress of CFRP (psi) when the external load reached 
54.69% of the peak load 
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Figure (4.82): No FRP delamination when the external load reached 54.69% of the peak 
load 
From figure (4.80), (4.81) and (4.82) noted when the external load reached 54.69% of the 
peak load, and extend the first crack of concrete (stage 2) the crack height is 1.16 in, and the 
maximum principal stress of concrete reached to 521.3 psi. In this case no delamination, and the 
maximum principal stress of CFRP increased to 1561 psi. 
 Stage 3 
 
Figure (4.83): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 3) when the external load reached 66.93% of the peak load 
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Figure (4.84): Maximum Principal Stress of CFRP (psi) when the external load reached 
66.93% of the peak load 
 
Figure (4.85): No FRP delamination when the external load reached 66.93% of the peak 
load 
From figure (4.83), (4.84) and (4.85) noted when the external load reached 66.93% of the 
peak load, and extend the first crack of concrete (stage 3), the crack height is 1.74 in, and the 
maximum principal stress of concrete reached to 566.2 psi. In this case no delamination, and the 
maximum principal stress of CFRP increased to 3472 psi. 
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 Stage 4 
 
Figure (4.86): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 4) when the external load reached 80.22% of the peak load 
 
Figure (4.87): Maximum Principal Stress of CFRP (psi) when the external load reached 
80.22% of the peak load 
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Figure (4.88): No FRP delamination when the external load reached 80.22% of the peak 
load 
From figure (4.86), (4.87) and (4.88) noted when the external load reached 80.22% of the 
peak load, and extend the first crack of concrete (stage 4), the crack height is 2.32 in, and the 
maximum principal stress of concrete reached to 635.3 psi. In this case no delamination, and the 
maximum principal stress of CFRP increased to 7202 psi. 
 Stage 5 
 
Figure (4.89): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 5) when the external load reached 94.18% of the peak load 
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Figure (4.90): Maximum Principal Stress of CFRP (psi) when the external load reached 
94.18% of the peak load 
 
Figure (4.91): No FRP delamination when the external load reached 94.18% of the peak 
load 
From figure (4.89), (4.90) and (4.91) noted when the external load reached 94.18% of the 
peak load, and extend the first crack of concrete (stage 5), the crack height is almost 2.5 in, and 
the maximum principal stress of concrete reached to 711.8 psi. In this case no delamination, and 
the maximum principal stress of CFRP increased to 15000 psi. 
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4.3.2.1.2 CFRP Delamination  
 
Figure (4.92): Maximum Principal Stress of Concrete (psi) when the external load reached 
96.238% of the peak load 
 
Figure (4.93): Maximum Principal Stress of CFRP (psi) when the external load reached 
96.238% of the peak load 
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Figure (4.94): FRP delamination started when the external load reached 96.238% of the 
peak load 
From figure (4.92), (4.93) and (4.94) noted when the external load reached 96.238% of 
the peak load, the first delamination started, and the maximum principal stress of concrete 
reached to 731.3 psi. The maximum principal stress of CFRP increased to 16930 psi. 
 Stage 6 
 
Figure (4.95): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 6) when the external load reached 96.43% of the peak load  
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Figure (4.96): Maximum Principal Stress of CFRP (psi) when the external load 
reached 96.43% of the peak load 
 
Figure (4.97): FRP delamination when the external load reached 96.43% of the peak load 
From figure (4.95), (4.96) and (4.97) noted when the external load reached 96.43% of the 
peak load, and extend the first crack of concrete (stage 6), the crack height is almost 3 in. The 
maximum principal stress of concrete reached to 793.1 psi, and the delamination occurred. The 
maximum principal stress of CFRP increased to 11760 psi. 
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 Stage 7 
 
Figure (4.98): Maximum Principal Stress of Concrete (psi) and extend the first crack of 
concrete (stage 7) when the external load reached 96.45% of the peak load 
 
Figure (4.99): Maximum Principal Stress of CFRP (psi) when the external load reached 
96.45% of the peak load 
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Figure (4.100): FRP delamination when the external load reached 96.45% of the peak load 
From figure (4.98), (4.99) and (4.100) noted when the external load reached 96.45% of 
the peak load, and extend the first crack of concrete (stage 7), the crack height is  3.5 in .The 
maximum principal stress of concrete reached to 633.6 psi, and the delamination occurred. The 
maximum principal stress of CFRP increased to 18120 psi. 
 
 
Figure (4.101): Maximum Principal Stress of Concrete (psi) of the peak load 
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Figure (4.102): Maximum Principal Stress of CFRP (psi) of the peak load 
 
Figure (4.103): FRP delamination of the peak load 
 
From figure (4.101), (4.102) and (4.103) noted at the peak load, the Max. Principal Stress 
of CFRP gradually increases until 61680 psi of the peak load, and the delamination occurred.  
The Max. Principal stress of concrete reached the input Max. Principal stress of concrete 
(408 psi) at crack, then gradually increase until the peak load. Because after the onset of the 
crack in concrete, stress at the crack tip intends to go infinite and this is known as stress 
singularity at the crack tip. Therefore, in our simulations we predict larger max principal stress 
values than input. And after the crack initiation, while the crack in concrete intends to propagate, 
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FRP sheet tries to prevent crack propagation and resistance of the FRP on crack propagation in 
concrete can lead to extremely large max principle stress values.  
The mid-span deflection at maximum load was 0.05090″ (the term U2 in the legend 
represents the vertical displacement “mid-span deflection”, see figure (4.104)).  
  
 
Figure (4.104): a Maximum displacement of FRP strengthened concrete beam at 180
o 
C 
When compared the simulated and experimental flexural load and mid-span deflection of 
FRP strengthened concrete beams at 180
o
 C, the experimental results of flexural load was about 
20% less than the numerical results, which means the finite element model has been successful in 
prediction FRP strengthened concrete beam failure load. A comparison between the experimental 
test and the numerical of the deflection results/flexural load at 180
o
 C is shown in table (4.14) 
and plotted in Figure (4.105).  
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Table (4.14): Comparison between the experimental and numerical deflection results of the 
flexural load for FRP strengthened concrete beams at 180
o
 C 
Flexural load (Ibs) Deflection (in)  Experimental Deflection (in) Numerical 
0 0 0 
500 0.005 0.0002379 
1000 0.01 0.0004758 
1500 0.0175 0.0007138 
2000 0.02125 0.0009517 
2500 0.025 0.001194 
3000 0.0275 0.001485 
3500 0.03 0.001786 
4000 0.0325 0.002234 
4445 0.035 0.002780 
5375  0.05090 
 
 
 
Figure (4.105): Numerical and experimental Deflection results / Flexural load of FRP 
strengthened concrete beams and the stages of concrete crack at 180
o 
C 
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Table (4.15): Comparison of numerical failure load for FRP strengthened concrete beams 
at RT, and 180
o
 C 
Temp 
o
C P (Num.) lbs 
RT 5512.6 
180
o
 C 5375 
 
The maximum flexural load of 180
o 
C decreased about 2% for the maximum flexural load 
of RT. These results suggest that the FRP strengthened concrete beams at 180
o
 C, flexural 
strength weaker than FRP strengthened concrete beams at RT.  
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CHAPTER 5 MODELING OF FRP BONDED COLUMNS AT DIFFERENT 
TEMPERATURES 
 
5.1 FRP Strengthened Concrete Columns at Room Temperature (RT) 
ABAQUS-CAE software was adopted for predicting the compressive load, displacement 
response, and the mode of failure of strengthened columns numerically. The model was divided 
into two parts. While the first part represented the 3-D cylindrical concrete column with a 
dimension of 8″ in height and 4″ in diameter, the second part dealt with the FRP (see Figure 
(5.1)). The properties have been selected to be the same as those for the FRP strengthened 
concrete beam simulation. The damage evaluation has been selected to be the same as those for 
the FRP strengthened concrete beam simulation.  
 
                                               Concrete                                   FRP 
Figure (5.1): 3-D strengthened concrete column model 
The mesh seed was chosen edge by size 0.4 for FRP and 0.69 for concrete (see Figure 
(5.2)). And the mesh controls selected Hex-dominated for FRP and Hex for concrete, while the 
mesh technique has been considered as structured and the element type was 3-D stress for 
concrete and FRP.  
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           Concrete                             FRP                       Concrete + FRP 
Figure (5.2): Mesh of the FRP concrete column model 
To connect the two parts, the type of constraint that has been used was surface-to-surface 
contact. The concrete column was designated as the master surface and the FRP was the slave 
surface (see Figures (5.3)). Contact bonding is enabled in the cohesive behavior option of the 
contact interaction property.  
 
              
                             Concrete                              FRP                   Concrete + FRP 
Figure (5.3): Contact surfaces between concrete column and FRP strengthening sheet 
The load has been selected as a static pressure on the upper surface and the type of 
boundary conditions at the bottom surface was chosen displacement/rotation Figure (5.4). 
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Figure (5.4): Load and boundary conditions of FRP strengthened Column model 
 By running the ABQUS-CAE software, the pressure began to increase by steps until the 
failure occurred. The magnitude of the maximum compressive load was 87122.65 lbs. Figure 
(5.5) shows the crack propagation at peak load (87122.65 lbs). The crack of CFRP started at 
96.9398% of the peak load, see figure (5.6). All concrete cracks are inside.   
 Figure (5.7) shows Max. Principal stress of concrete (psi) at the peak load and Figure 
(5.8) shows Max. Principal stress of CFRP (psi) at the peak load (87122.65 lbs). The Max. 
Principal stress of concrete reached the input Max. principal stress of concrete (356 psi) at peak 
load. The Max. Principal stress of CFRP reached the input Max. principal stress of CFRP at 
crack. 
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                                                                                                                          Crack propagation 
Crack in (Concrete +FRP) 
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                                                                                                                                                          Crack propagation 
Crack in Concrete 
                                                                                                                                                                                   
 
                                                                                                                                            Crack propagation 
Rupture in CFRP 
PHILSM: Signed distance function to describe the crack surface 
Figure (5.5): Crack propagation of FRP strengthened concrete column at peak load (RT) 
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Figure (5.6): First Crack of CFRP at 96.9398% of peak load  
 
Figure (5.7): Max. Principal Stress of Concrete (psi) at the peak load (87122.65 lbs) 
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Figure (5.8): Max. Principal stress of CFRP (psi) at the peak load (87122.65 lbs) 
The mid-span deflection at maximum load was 0.06680″ (the term U2 in the legend 
represents the vertical displacement “mid-span deflection”, see figure (5.9)).  
 
Figure (5.9): Maximum displacement of FRP strengthened concrete column at RT 
When compared the simulated and experimental compressive load and mid-span 
deflection of FRP strengthened concrete columns at RT, the numerical results of compressive 
load was about  0.99 % less than experimental results, which means the finite element model has 
been successful in prediction FRP strengthened concrete column failure load. A comparison 
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between the experimental test and the numerical of the Deflection results/compressive load at RT 
is shown in table (5.1) and plotted in figure (5.10).  
Table (5.1): Comparison between the experimental and numerical deflection results of the 
compressive load for FRP strengthened concrete columns at RT 
compressive load (Ibs) Deflection (in)  experimental Deflection (in) Numerical 
0 0 0 
20000 0.03 0.0001288 
40000 0.05 0.0003117 
60000 0.0625 0.001117 
80000 0.075 0.03126 
87122.65   0.08099 0.06680 
87907.6 0.08125 
 
 
 
Figure (5.10): Numerical and experimental Deflection results / compressive load of FRP 
strengthened concrete columns at RT 
For the experimental data, it should be noted that they were measured from the 
movement of the crosshead of the machine, not directly from the column sample. 
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5.2   FRP Strengthened Concrete Columns at High Temperature 
5.2.1   FRP Strengthened Concrete Columns at 100
o
 C 
The same procedures that were performed to model FRP strengthened concrete columns 
at RT have been followed here to obtain the numerical results of strengthened concrete column at 
100
o
 C. The modulus of elasticity of concrete at 100
o
C was lower than the modulus of elasticity 
at RT based on the experimental data, see table (4.5). Table (4.6) shows concrete properties at 
100
o
 C. For adhesive properties at 100
o
 C see table (4.7). 
By running the ABQUS-CAE software, the pressure began to increase by steps until the 
failure occurred. The magnitude of the maximum compressive load was 110584.1lbs. Figure 
(5.11) shows the crack propagation of FRP strengthened concrete column model at peak load. 
The crack of concrete started first, see figure (5.12). At the end of load (100% load) the crack of 
CFRP occurred. 
Figure (5.13) shows Max. Principal stress of CFRP (psi) at peak load and Figure (5.14) 
shows Max. Principal stress of concrete (psi) at peak load (110584.1lbs). The Max. Principal 
stress of CFRP (97950 psi) at crack of the peak load. The Max. Principal stress of concrete 
reached the input Max. Principal stress of concrete (348 psi) at the peak load. 
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Crack in (Concrete +FRP) 
 
Crack in Concrete 
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Rupture in CFRP 
PHILSM: Signed distance function to describe the crack surface 
Figure (5.11): Crack propagation of FRP strengthened concrete column at the peak load 
 
Figure (5.12): First Crack of Concrete  
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Figure (5.13): Max. Principal stress of CFRP (psi) at the peak load (110584.1 lbs) 
 
 Figure (5.14): Max. Principal Stress of Concrete (psi) at the peak load (110584.1 lbs) 
The mid-span deflection at maximum load was 0.05940″ (the term U2 in the legend 
represents the vertical displacement “mid-span deflection”, see figure (5.15)).  
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Figure (5.15): Maximum displacement of FRP strengthened concrete column at 100
o 
C 
When compared the simulated and experimental compressive load and mid-span 
deflection of FRP strengthened concrete columns at 100
o
 C, the experimental results of 
compressive load was about 0.61% less than numerical results. A comparison between the 
experimental test and the numerical of the Deflection results/ compressive load at 100
o
 C is 
shown in table (5.2) and plotted in Figure (5.16). 
Table (5.2): Comparison between the experimental and numerical deflection results of the 
compressive load for FRP strengthened concrete columns at 100
o
 C 
Compressive load (Ibs) Deflection (in)  experimental Deflection (in) Numerical 
0 0 0 
20000 0.0125 0.005659 
40000 0.023 0.005542 
60000 0.031 0.005409 
80000 0.044 0.02523 
100000 0.0563 0.04833 
109910.8 0.0688 0.05842 
110584.1  0.05940 
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Figure (5.16): Numerical and experimental Deflection results / compressive load of FRP 
strengthened concrete columns at 100
o 
C   
For the experimental data, it should be noted that they were measured from the 
movement of the crosshead of the machine, not directly from the column sample. 
Table (5.3): Comparison of numerical failure load for FRP strengthened concrete columns 
at RT and 100
o
 C 
Temp 
o
C P (Num.) lbs 
RT 87122.65   
100
o
 C 110584.1 
 
The maximum compressive load of 100
o
C increased about 27% for the maximum 
compressive load of RT. These results suggest that the FRP strengthened concrete columns at 
100 
o 
C, compressive strength stronger than FRP strengthened concrete columns at RT. 
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5.2.2   FRP Strengthened Concrete Columns at 180
o
 C  
The same procedures that were performed to model FRP strengthened concrete columns 
at 100
o
 C have been followed here to obtain the numerical results of strengthened concrete 
column at 180
o
 C. Table (4.11) shows concrete properties at 180
o
 C. For Adhesive Properties at 
180
o
 C see table (4.12). 
 By running the ABQUS-CAE software, the pressure began to increase by steps until the 
failure occurred. The magnitude of the maximum compressive load was 62831.85lbs. Figure 
(5.17) shows the crack propagation of FRP strengthened concrete column at the peak load. The 
crack of concrete started first, see figure (5.18), after that at 97.4821% of the peak load the crack 
of CFRP started.  
Figure (5.19) shows Max. Principal stress of concrete (psi) at peak load and Figure (5.20) 
shows Max. principal stress of CFRP (psi) at the peak load (62831.85 lbs). The Max. Principal 
stress of concrete reached the input Max. principal stress of concrete (412 psi) of peak load. The 
Max. Principal stress of CFRP reached the input Max. principal stress of CFRP at crack.  
 
Crack in (Concrete +FRP) 
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Crack in Concrete  
 
Rupture in CFRP  
PHILSM: Signed distance function to describe the crack surface 
Figure (5.17): Crack propagation of FRP strengthened concrete column at the peak load 
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Figure (5.18): First Crack of Concrete  
 
Figure (5.19): Max. Principal stress of concrete (psi) at the peak load (62831.85 lbs) 
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Figure (5.20): Max. Principal stress of CFRP (psi) at the peak load (62831.85 lbs) 
 
The mid-span deflection at maximum load was 0.07207″ (the term U2 in the legend 
represents the vertical displacement “mid-span deflection”, see figure (5.21)).  
 
Figure (5.21): Maximum displacement of FRP strengthened concrete column at 180
o 
C  
 
When compared the simulated and experimental compressive load and mid-span 
deflection of FRP strengthened concrete columns at 180
o
 C, the numerical results of compressive 
load was about 7 % less than experimental results, which means the finite element model has 
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been successful in prediction FRP strengthened concrete column failure load. A comparison 
between the experimental test and the numerical of the deflection results/ compressive load at 
180
o
 C is shown in table (5.4) and plotted in figure (5.22). 
Table (5.4): Comparison between the experimental and numerical deflection results of the 
compressive load for FRP strengthened concrete columns at 180
o
 C 
compressive load (Ibs) Deflection (in)  experimental Deflection (in) Numerical 
0 0 0 
20000 0.0563 0.005341 
40000 0.075 0.005133 
60000 0.1 0.05366 
62831.85  0.1094 0.07207 
67513.3 0.125  
 
 
Figure (5.22): Numerical and experimental Deflection results / compressive load of FRP 
strengthened concrete columns at 180
o 
C   
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For the experimental data, it should be noted that they were measured from the 
movement of the crosshead of the machine, not directly from the column sample. 
Table (5.5): Comparison of numerical failure load for FRP strengthened concrete columns 
at RT and 180
o
 C 
Temp 
o
C P (Num.) lbs 
RT 87122.65   
180
o
 C 62831.85 
 
The maximum compressive load of 180
o
C decreased about 39% for the maximum 
compressive load of RT.  
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CHAPTER 6 VALIDATION 
6.1 Introduction 
 It is known that FRP strengthened concrete beams and columns are commonly subjected 
to hygrothermal conditions [5]. The mechanical properties of FRP composites are highly 
dependent on the hygrothermal conditions. It is a fact that the mechanical properties of FRP 
composites are adversely affected by the hygrothermal conditions. In the previous study, the 
effect of temperature on the mechanical properties of FPR strengthened concrete beam and 
column subjected to flexural and compressive loadings are experimentally and numerically 
examined for different temperatures including RT, 100
o
 C and 180
o
 C [5]. Additionally, the 
delamination behavior of FRP from the concrete is investigated under the same temperature 
conditions. The previous study focused on the experiments, analysis, and computations. To 
confirm the validity of the analysis process and the solution obtained, the flexural load and 
compressive load were acquired using the analytical calculations compared to the experimental 
and FEM results. 
In this study, damage mechanism of FRP strengthened concrete beam and column at 
different temperature is numerically evaluated using ABAQUS-CAE with the X-FEM approach.  
6.2 Improvements to the Previous Study 
- Determination of failure loads of FRP strengthened concrete beam and column with 
adhesive material.   
- Temperature effect on failure loads of FRP strengthened beam and column with adhesive 
material and the contact bonding are enabled in the cohesive behavior option of the 
contact interaction property in this study. For RT see table (4.2), 100
o
 C see table (4.7), 
and 180
o 
C see table (4.12). 
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- Three-dimensional extended finite element method (X-FEM) (offers significant benefits 
in the numerical modeling of crack propagation) is developed and implemented in the 
ABAQUS-CAE package to predict the bond strength at the interface between concrete 
and FRP strengthening fabric especially in the column during compression test stated in 
the Chapter 5.  
- Temperature effect on three-dimensional extended finite element method (X-FEM) is 
developed and implemented in the ABAQUS-CAE package to predict the bond strength 
at the interface between concrete and FRP strengthening fabric in the beam and column 
during flexural and compression test documented in the Chapter 4 and Chapter 5, 
respectively. 
6.3 Comparison of the current numerical results with the previous experimental and numerical 
results for FRP strengthened concrete beams at RT, 100o C, and 180o C    
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Table (6.1): Comparison of the current numerical results with the previous experimental and 
numerical results for FRP strengthened concrete beams at RT, 100
o
 C, and 180
o
 C   
Temp 
o
C 
Current Study Previous Study 
Numerical 
Flexural 
Load (Ibs) 
Numerical 
Deflection 
(in) 
Numerical 
Flexural 
Load (Ibs) 
Numerical  
Deflection 
(in) 
Experimental 
Flexural Load 
(Ibs) 
Experimental 
Deflection 
(in) 
RT 5512.6 0.08372 3761.20 0.002262 
 
4335 
 
0.0275 
100
o
 C 5461 0.05719 
 
3956.21 
 
0.002447 
 
0145 
 
0.0375 
180
o
 C 5375 0.05090 
 
3027.58 
 
0.001779 
 
4445 
 
0.035 
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Figure (6.1): Comparison of the current numerical results (flexural load and deflection) with 
the previous experimental and numerical results (flexural load and deflection) for FRP 
strengthened concrete beams at RT 
 
Figure (6.2): Comparison of the current numerical results (flexural load and deflection) with 
the previous experimental and numerical results (flexural load and deflection) for FRP 
strengthened concrete beams at 100 oC 
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Figure (6.3): Comparison of the current numerical results (flexural Load and deflection) with 
the previous experimental and numerical results (flexural Load and deflection) for FRP 
strengthened concrete beams at 180 oC 
The current numerical and previous (experimental, numerical) obtained results are 
showed in the table (6.1), and Figures (6.1), (6.2) and (6.3) for FRP strengthened concrete beams 
for various temperatures of RT, 100
o
 C and 180
o
 C, respectively in terms of flexural load and 
deflection. The present study outcomes are favorably compared to one another and it is deduced 
that numerical results are in a good agreement with the results of previous study. In the current 
study, it is observed that maximum deflections and loads decrease with increasing temperature. 
However, the maximum deflection and load is reported for the temperature of 100
o
 C in the 
previous study. From the table (6.1), it can be stated that the FEM results of present study 
provide more accurate results in terms of deflections. While the FEM approach of current study 
always approximates the flexural deflections and loads larger than the experimental values; the 
previous study obtains those values less than the experimental results. 
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FRP strengthened concrete beams at RT found the experimental results of flexural load 
was about 27% less than the current numerical results, the experimental results of flexural load 
was about 6% less than the current numerical results of FRP strengthened concrete beams at 100
o
 
C. While 180
o 
C the experimental results of flexural load was about 20% less than the current 
numerical results, which means the finite element model has been successful in prediction FRP 
strengthened concrete beam failure load.  
The cohesive traction–separation damage model is used to model the delamination of 
FRP from the concrete that is the primary reason why the current study leads to deflections and 
loads larger. According to the table (6.1), taking cohesive traction–separation damage approach 
into consideration is more comprehensible. As a result, the FEM approach in this study is 
validated with comparing the experimental results documented previously [5]. 
6.4 Comparison of the current numerical results with the previous experimental and numerical 
results for FRP strengthened concrete columns at RT, 100o C, and 180o C    
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Table (6.2): Comparison of the current numerical results with the previous experimental and 
numerical results for FRP strengthened concrete columns at RT, 100
o
 C, and 180
o
 C    
Temp 
o
C 
Current Study Previous Study 
Numerical 
Compressive 
Load (Ibs) 
Numerical 
Deflection 
(in) 
Numerical 
Compressive 
Load (Ibs) 
Experimental 
Compressive 
Load (Ibs) 
Experimental 
Deflection (in) 
RT 87122.65   0.06680 
 
85371.19 
 
87907.6 
 
 
0.08125 
100
o
 C 110584.1 0.05940 
 
98310.54 
 
109910.8 
 
 
0.0688 
180
o
 C 62831.85 0.07207 
 
74485.37 
 
67513.3 
 
 
0.125 
 
160 
 
 
 
 
Figure (6.4): Comparison of the current numerical results (compressive load and deflection) 
with the previous experimental and numerical results (compressive load and deflection) for 
FRP strengthened concrete columns at RC 
 
Figure (6.5): Comparison of the current numerical results (compressive load and deflection) 
with the previous experimental and numerical results (compressive load and deflection) for 
FRP strengthened concrete columns at 100 oC 
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Figure (6.6): Comparison of the current numerical results (compressive load and deflection) 
with the previous experimental and numerical results (compressive load and deflection) for 
FRP strengthened concrete columns at 180 oC 
The behavior of FRP strengthened concrete columns are evaluated by conducting 
compression tests at various temperatures of RT, 100
o
 C, and 180
o
 C, respectively and the 
obtained results are illustrated in the table (6.2). Experimental outcomes are compared to FEM 
results of the current study; it can be seen in the table (6.2), Figure (6.4), (6.5) and (6.6). It is 
pointed out that FEM findings agree with the experimental results. In other words, the error ratio 
between numerical and experimental results is really low for all temperature cases. FRP 
strengthened concrete columns at RT found the current numerical results of compressive load 
was about 0.9 % less than experimental results and 2% more than previous numerical, the current 
numerical results of compressive load was about 0.61 % more than experimental results and 12% 
more than previous numerical, of FRP strengthened concrete columns at 100
o
 C. While 180
o
 C 
the numerical results of compressive load was about 7 % less than experimental results and 18% 
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64000
65000
66000
67000
68000
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less than previous numerical, which means the finite element model has been successful in 
prediction FRP strengthened concrete column failure load.   
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 
 
7.1   Conclusions  
 FRP strengthened concrete beam at RT  
When the external load reached 40.75% of the peak load, the first concrete crack started 
(stage 1) see Figure (4.40), and the maximum principal stress of concrete reached the input Max. 
Principal stress of concrete (408 psi) at crack. when the external load reached 53.25% of the peak 
load, the first crack extended (stage 2), when the external load reached 65.95% of the peak load, 
the first crack extended (stage 3), when the external load reached 78.03% of the peak load, the 
first crack extended (stage 4), when the external load reached 91.77% of the peak load, the first 
crack extended (stage 5), when the external load reached 95.03% of the peak load, the first crack 
extended (stage 6), when the external load reached 95.07% of the peak load, the first crack 
extended (stage 7) and the delamination started, when the external load reached 99.637% of the 
peak load, the first rupture of CFRP started, the Max. Principal stress of CFRP reached the input 
(66000 psi) at rupture.  
When compared the simulated and experimental flexural load and mid-span deflection of 
FRP strengthened concrete beams at RT, The experimental results of flexural load was about 
27% less than the numerical results, which means the finite element model has been successful in 
prediction FRP strengthened concrete beam failure load. 
 FRP Strengthened Concrete Beams at 100o C 
When the external load reached 40.75% of the peak load, the first concrete crack started 
(stage 1) see Figure (4.74), and the maximum principal stress of concrete reached the input Max. 
Principal stress of concrete (403.7 psi) at crack, when the external load reached 41.85% of the 
peak load, the first crack extended (stage 2), when the external load reached 53.46% of the peak 
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load, the first crack extended (stage 3), when the external load reached 66.58% of the peak load, 
the first crack extended (stage 4), when the external load reached 78.62% of the peak load, the 
first crack extended (stage 5), when the external load reached 92.96% of the peak load, the first 
crack extended (stage 6), when the external load reached 95.69% of the peak load, the first crack 
extended (stage 7), when the external load reached 95.7275% of the peak load, the first 
delamination started. 
When compared the simulated and experimental flexural load and mid-span deflection of 
FRP strengthened concrete beams at 100
o 
C, the experimental results of flexural load was about 
6% less than the numerical results, which means the finite element model has been successful in 
prediction FRP strengthened concrete beam failure load. 
The maximum flexural load of 100
o 
C decreased about 1% for the maximum flexural load 
of RT.  
 FRP Strengthened Concrete Beams at 180o C 
 
 
 When the external load reached 41.88% of the peak load, the first concrete crack started 
(stage 1) see Figure (4.105), and the maximum principal stress of concrete reached the input 
Max. Principal stress of concrete (408 psi) at crack, when the external load reached 54.69% of 
the peak load, the first crack extended (stage 2), when the external load reached 66.93% of the 
peak load, the first crack extended (stage 3), when the external load reached 80.22% of the peak 
load, the first crack extended (stage 4), when the external load reached 94.18% of the peak load, 
the first crack extended (stage 5), when the external load reached 96.238% of the peak load, the 
first delamination started, when the external load reached 96.43% of the peak load, the first crack 
of concrete extended (stage 6), the delamination occurred, when the external load reached 
96.45% of the peak load, the first crack extended (stage 7), the delamination occurred.  
165 
 
 
 
When compared the simulated and experimental flexural load and mid-span deflection of 
FRP strengthened concrete beams at 180
o
 C, the experimental results of flexural load was about 
20% less than the numerical results, which means the finite element model has been successful in 
prediction FRP strengthened concrete beam failure load 
The maximum flexural load of 180
o 
C decreased about 2% for the maximum flexural load 
of RT. These results suggest that the FRP strengthened concrete beams at 180
o
 C, flexural 
strength weaker than FRP strengthened concrete beams at RT.  
 FRP strengthened concrete columns at (RT) 
The crack of CFRP started at 96.9398% of the peak load. All concrete cracks are inside.   
When compared the simulated and experimental compressive load and mid-span 
deflection of FRP strengthened concrete columns at RT, the numerical results of compressive 
load was about  0.99 % less than experimental results, which means the finite element model has 
been successful in prediction FRP strengthened concrete column failure load.  
 FRP strengthened concrete columns at 100o C 
The crack of concrete started first, after that at the end of load (100% load) the crack of 
CFRP occurred. 
When compared the simulated and experimental compressive load and mid-span deflection 
of FRP strengthened concrete columns at 100
o
 C, the experimental results of compressive load 
was about 0.61% less than numerical results.  
The maximum compressive load of 100
o
C increased about 27% for the maximum 
compressive load of RT. These results suggest that the FRP strengthened concrete columns at 
100 
o 
C, compressive strength stronger than FRP strengthened concrete columns at RT. 
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 FRP strengthened concrete columns at 180o C  
The crack of concrete started first, after that at 97.4821% of the peak load the crack of CFRP 
started.  
When compared the simulated and experimental compressive load and mid-span 
deflection of FRP strengthened concrete columns at 180
o
 C, the numerical results of compressive 
load was about 7 % less than experimental results, which means the finite element model has 
been successful in prediction FRP strengthened concrete column failure load.  
The maximum compressive load of 180
o
C decreased about 39% for the maximum 
compressive load of RT.  
7.2 Future work 
It is known that FRP strengthened concrete beams and columns are consistently subjected 
to various environmental conditions such as moisture, humidity and extreme temperature 
changes; therefore, the effects of these environmental conditions should be taken into 
consideration separately or combined to examine their effects on bond strength at the interface.   
In this research, the temperature effect (RT, 100
o
 C, and 180
o
 C) on the behavior of FRP 
bonded concrete was investigated by FEM, paying special attention to the interfacial bond 
problems. FE models based on the three-dimensional extended finite element method (X-FEM) 
were developed and implemented in the ABAQUS-CAE package. 
In the present numerical implementations to the characterization of damage evaluation at 
the interface between concrete and FRP, cohesive behavior formulation is used. In future, Virtual 
Crack Closure Technique (VCCT) that is also available in the ABAQUS-CAE is recommended 
to be utilized and compared to the results obtained from the cohesive behavior formulation.  
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Collapse of buildings or bridges is one of the worst scenarios to which built-infrastructure 
may be subjected during their lifetime. In recent years, due to external environmental conditions 
(temperature and humidity). Often times these effects are not immediately evident and develop 
years later – making determination of responsibility difficult and repair expensive. 
Fiber reinforced polymer (FRP) has proven efficient and economical for the development 
and repair of new and deteriorating structures in civil engineering. New construction includes all 
composite bridge decks or FRP bars. The mechanical properties of advanced composites (high 
strength, light weight) make them ideal for widespread applications in construction worldwide. 
The present investigation intends to study the effects of changing temperature on the 
mechanical properties of FRPs composites and the effect of deteriorated composites on the 
structural behavior of FRP bonded concrete structures when subjected to realistic environmental 
conditions. The overall approach was consisting of computations using finite element models to 
simulate beam or column performance using ABAQUS software. Computer simulations based 
on advanced methods, such as the finite element method (FEM), are reliable and effective 
alternatives to structural analysis for the study of structural response and performance.  
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Also, temperature effect on failure loads of FRP strengthened beam and column with 
adhesive material and the contact bonding are enabled in the cohesive behavior option of the 
contact interaction property in this study. 
In addition, the temperature effect was implemented in the ABAQUS-CAE three-
dimensional extended finite element package to account for the bond strength deterioration at the 
interface between concrete and FRP strengthening fabric. 
In this work, ABAQUS/CAE 6.13-1 was used to simulate several test results from 
previous works. The FE results were validated with the experimental performance data, 
regarding failure mode and load-displacement behavior. One of the major advantages of this 
software is the flexibility of implementing, revising, analyzing the model, and producing results. 
Finally, conclusions and suggestions for future research are presented. 
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